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ABSTRACT

Global industrialization, coupled with a large biogeochemical cycle that moves
mercury through the environment, has resulted in higher mercury concentrations being
detected in many environmental compartments. Although the presence of mercury in
each compartment has the potential to elicit toxicity, mercury found in natural waters
provides the greatest risk, due to the various reactions it can undergo, resulting in a
plethora of different species.
Due to the fact that mercury contamination in aquatic systems has the potential to
bioaccumulate and biomagnify up the food chain and cause toxicity, understanding the
behavior of mercury in these systems is imperative in the protection of both organisms
and humans. Although much research has focused on the human health effects of
mercury contamination, little research has examined the environmental implications of
mercury contamination. This research attempts to bridge the gap in understanding of
mercury toxicity in the presence of natural organic matter (NOM) to aquatic organisms in
natural waters.
Whole water samples were collected from seven sites along the length of the
Ogeechee River in southeastern Georgia. Physiochemical parameters of each water
sample, including hardness, alkalinity, pH, conductivity, and ion concentrations, were
measured to obtain a more comprehensive understanding of the sites. Due to the fact that
organic matter collected from waters can be varied in both concentration and nature,
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measurements were also performed in an effort to construct profiles for the dissolved
organic matter (DOM) in each water sample. These profiles were later used in the
quantification of accurate metal concentrations for toxicity experiments. The results from
the physiochemical analysis of the Ogeechee River water samples show that while the
DOM is relatively similar with regards to both molecular weight and size distribution,
there are differences observed in the molecular weight polydispersity values as well as
the concentration of reduced sulfur associated with the DOM at each site.
The Ogeechee River site water was used in mercury toxicity experiments to assess
the role that DOM complexation plays in the amelioration of metal toxicity. The original
whole water and a variety of manipulations to the original water were used to quantify
the reduction in mercury toxicity. Results indicated that although a reduction in mercury
toxicity was observed in the presence of Ogeechee River DOM, the observed reduction in
toxicity was independent of DOM concentration in all experiments. To confirm the
mercury toxicity results using the Ogeechee River waters, Suwannee River DOM was
obtained from the International Humic Substances Society and used in similar
experiments. In addition to mercury, copper toxicity experiments were also conducted to
compare results. These experiments showed that although copper toxicity was
systematically decreased with higher concentrations of organic matter, mercury toxicity
was again independent of DOM concentration. The toxicity results observed between the
two metals was hypothesized to be due to the differences in binding strengths between
the metals and various ligands present in DOMs.
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Due to the fact that such different toxicity reductions were observed between
copper and mercury using the same organic matter source, the kinetic lability of various
metal complexes was quantified using competitive ligand-exchange reactions. The
complexation strengths of each metal were assessed using a variety of simple organic
ligands. These ligands were used separately to determine rate constants for individual
metal-simple ligand complexes. Results show that, although both copper and mercury
share similar rate constants to simple ligands, the metal’s dependence on the ligand
concentration is equally important. In the copper simple ligand experiments, an
independence is observed, minimizing the importance of the disjunctive mechanistic
pathway. Mercury, on the other hand, shows a dependence on ligand concentration,
resulting in the disjunctive pathway playing a larger role. The simple ligand relationships
were then used as a model to predict the expected binding strength of each metal when
complexed to dissolved organic matter, a much more complicated and complex ligand.
Results show that copper is much more kinetically stable when complexed to DOM,
which is a result of its stronger complexation to both oxygen and nitrogen ligands, which
are predominantly found on DOM. Mercury complexed to DOM results in a much more
labile complex, due to the fact that it does not strongly bind to wither oxygen or nitrogen
ligands. Therefore, mercury bound to DOM is much more likely to be bioavailable for
organismal uptake in the water column, supporting the hypothesis of kinetic lability to
explain the toxicity results obtained using both metals.
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CHAPTER 1
INTRODUCTION

Although first recognized as a pollutant and toxicant in the 1950s, mercury is reemerging as a metal of concern in the environment due to its persistence and toxicity. It
is currently being detected in many water, soil, and air samples around the world, often
without a known source of origin. Mercury participates in a variety of biogeochemical
processes from which it is cycled through every environmental compartment, changing
its speciation, mobility, and ultimate fate (Fitzgerald 1994; Hudson et al. 1994; Mason et
al. 1994). Aquatic systems are of most concern as this is where mercury can disrupt the
balance of natural waters, causing damaging effects. In South Carolina alone,
approximately 60 waterways have been designated as “impaired” by the South Carolina
Department of Health and Environmental Control (DHEC) and placed under mercury
advisories. These advisories list all potential waterways in the state that have mercury
contamination and include a consumption list of fish that have harmful levels of mercury
in their tissues and should be eaten sparingly or not at all by humans.
Mercury can occur in various forms in aquatic systems, each having different chemical
properties and thus a wide spectrum of toxicities. Elemental mercury is not very reactive
in natural waters and readily volatilizes to the atmosphere (Amyot et al. 1997). Ionic
mercury species are commonly found complexed to organic and inorganic ligands in
natural water systems (Morel et al. 1998). Methylated mercury species, which are
considered the most toxic to aquatic organisms due to their ability to biomagnify and
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persist (Rudd 1995; Choi et al. 1998; Eckley et al. 2005) are also often complexed by
ligands in water. Uncomplexed (i.e., free) mercury is considered to be bioavailable for
uptake by organisms and can cause toxicity. Biomagnification of mercury is also likely,
resulting in higher concentrations being detected in larger trophic species in the food web
(Morel et al. 1998).
Because the speciation of mercury dictates its toxicity in natural waters, it is
important to quantify the reactions that mercury ions may undergo in aquatic systems.
One of the most important reactions involves the complexation of mercury to natural
ligands present, which not only creates stability for the mercury ion but also reduces the
amount of free ion available for uptake by organisms (Lamborg et al. 2004).
Ligands are naturally present in water and can be either simple, having one
functional group available for complexation (i.e., chloride or sulfur), or more complex,
such as dissolved organic matter (DOM). DOM is a heterogeneous mixture of molecules
having a wide array of functional end groups. Although the most common functional
groups in association with DOM include carboxylic and phenolic moieities (Francois
1990), other moieties such as quinones (Rashid 1972), amines (MacCarthy and
O'Cinneide 1974), methoxyls (Preston and Schnitzer 1984), and ethers (Stevenson 1982)
are also possible, leaving numerous complexation options for metals and other
contaminants to bind with DOM.
Although complexation of a metal to a ligand generally reduces the bioavailable
fraction for uptake by organisms in aquatic systems, there are few studies quantifying the
effect of this relationship using organic matter collected from natural waters.
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The majority of published literature has used standard or reference organic matter to
quantify toxicity, due to its ease of use and well characterized physiochemical properties.
However, the results obtained through the use of these materials may not be
representative of organic matter derived from natural sources, and therefore cannot be
extrapolated to include these systems. The research presented in this study attempts to
bridge the gap in knowledge by examining mercury-DOM complexation and the role it
plays in ameliorating toxicity to aquatic organisms in natural waters.
Research Objectives
The research conducted has been separated into three chapters, each previous
chapter becoming the foundational framework for subsequent chapters. The overall
objective of the first research chapter entitled, “Characterization of Dissolved Organic
Matter (DOM) from the Ogeechee River in Georgia” (Chapter 3), was to characterize the
dissolved organic matter collected from the Ogeechee River through a variety of
descriptive physiochemical properties. The resulting measurements were then
incorporated into a chemical equilibrium speciation model to calculate metal
concentrations for future toxicity tests to accurately assess each DOM parameter for its
ability to ameliorate metal toxicity.
The overall objective of the next chapter “Evaluating the Role of Mercury-DOM
Complexation to the Toxicity of Ceriodaphnia dubia” (Chapter 4) was to quantify
mercury toxicity to Ceriodaphnia dubia in the presence of Ogeechee River DOM. This
larger objective was accomplished through the completion of more specific goals that
included:
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(1) Examining DOM samples collected from various sites on the same river to
effectively complex mercury, reducing the bioavailability and toxicity of the free
metal fraction to an aquatic cladoceran;
(2) Elucidating differences in mercury complexation to individual size fractions of
DOM and quantifying the resulting toxicity;
(3) Comparing results obtained using the Ogeechee River DOM to Suwannee River
DOM isolate to better understand differences in complexation between copper
and mercury; and,
(4) Determining mercury binding constants using independent measurements of
fluorescence quenching.
In the final research chapter entitled “Quantification of the Kinetic Lability of
Metal Complexes using Competitive Ligand-Exchange Reactions” (Chapter 5),
quantification of the kinetic lability of NOM complexes for both copper and mercury
to elucidate differences in binding between the two metals was the ultimate goal.
However, smaller objectives were completed in an effort to fulfill this goal. These
smaller objectives included:
(1) Calculation of the kinetic stability of a variety of metal-ligand complexes using
well characterized, simple ligands to quantify the ability of each metal to complex
a specific type of functional moiety;
(2) Comparison of the calculated rate constants for each metal-simple ligand
combination to assess each metal for strong binding; and,
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(3) Determination of the stability of each metal-NOM complex through the
calculation of conditional rate constants, using the binding properties previously
established to predict the kinetic behavior of metals when complexed to NOM.
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CHAPTER 2
BACKGROUND AND LITERATURE REVIEW

Introduction
International human-health and environmental concerns associated with high
levels of mercury (Hg) in aquatic organisms has shifted mercury to the forefront as an
emerging metal of concern. This was strengthened by the discovery of a linkage between
atmospheric Hg cycling, deposition, anthropogenic releases, and the accumulation of
mercury in biota (Fitzgerald 1994). Still, many critical questions remain unresolved,
including the sources, sinks, and general pathways by which mercury enters and leaves
aquatic systems, eventually causing toxicity.
Recently, high levels of mercury have been detected in numerous areas around the
world. Although many of these individual cases can be attributed to local contamination
(Bloom et al. 1999; Kot and Matyushkina 2002), others remain a mystery. The mercury
problem is of particular concern in South Carolina, where approximately 60 lakes and
rivers have been classified as “impaired” due to high mercury concentrations detected in
fish, leading the South Carolina Department of Health and Environmental Concern
(DHEC) to issue advisories for fish consumption. The factors contributing to the increase
in mercury concentrations in aquatic environments in the state are not largely known,
making it extremely difficult to quantify the problem and hindering efforts to find a
solution.
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When attempting to manage mercury pollution in aquatic systems, there are three
main sources to consider- (1) direct precipitation, (2) watershed runoff, and (3) the
internal methylation of inorganic mercury occurring in the lake (Rudd 1995). The
relative importance of each of these sources varies, depending upon the atmospheric
mercury deposition, chemical parameters defining the system, and the impact of
anthropogenic activities (Rudd 1995). All of these factors contribute to mercury
contamination and must be fully evaluated to determine the influence of each on the
problem before solutions can be implemented.
Biogeochemical Cycling of Mercury
There are many sources of mercury to the environment, including atmospheric,
aquatic, and anthropogenic contributions. Natural inputs of mercury include volcanoes,
natural mercury deposits, and volatilization from the ocean (Lindqvist 1991); however,
anthropogenic activities, such as coal combustion, waste incineration, and metal
processing have also led to overall higher mercury concentrations (Rasmussen 1994). It
is estimated that these interferences by man may represent up to 90% of the increased
mercury in the atmosphere and water bodies (Fitzgerald 1993; Mason 1994). Best
estimates to date suggest that mercury concentrations in the environment will continue to
increase approximately 1.5 percent per year if current industrial activity continues
(Mason et al. 1994).
Mercury in the environment is cycled and recycled through a number of complex
processes. Mercury is first released to the atmosphere in its elemental form, Hg0. This
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can occur naturally, from volcanic emissions as well as from geological weathering of
rocks, soils, and sediments, or anthropogenically, from the activities of man.
Of the mercury in the atmosphere, nearly 95% occurs as Hg0 (Mason et al. 1995). This
form is slowly oxidized to the ionic state, Hg(II), resulting in a residence time in the
atmosphere of less than a year (Morel et al. 1998), and producing a sufficient amount of
time for atmospheric mercury to be distributed throughout the planet before returning to
land and water bodies. Although the majority of mercury released to the atmosphere
from point sources is in industrialized regions, mercury pollution has become a global
problem, being found in the most remote locations. Historical records of lake sediments
show that remote, non-industrial areas receive mercury inputs from highly populated,
industrial countries through long-range atmospheric transport (Fitzgerald et al. 1998).
The atmospheric oxidation of mercury primarily occurs at the solid-liquid
interface of fog and cloud droplets. Ozone has been implicated as the main oxidant in
this reaction (Munthe and McElroy 1992; Amyot et al. 1997); however, HClO, HSO3-,
and OH• may also play a significant role (Munthe et al. 1991; Munthe 1992; Munthe and
McElroy 1992). Inorganic mercury species can be transported long distances before
eventually being oxidized and deposited onto land and surface waters via wet
precipitation of dissolved Hg2+. Once oxidized, approximately 60% of atmospheric
mercury is deposited to land surfaces, while the remainder finds its way into aquatic
systems. In lakes, mercury is removed by sedimentation and gas evasion. Although
similar processes occur on land, they result in a smaller amount of mercury being
returned to the atmosphere and a greater amount being buried in soils (Morel et al. 1998).
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Once deposited on water or land, the mercury species can participate in a variety of
pathways (i.e. methylation, demethylation, reduction, volatilization, sedimentation,
sorption, and photochemical) and therefore be converted to many other species (Figure
1).
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Figure 1. The biogeochemical cycling of mercury through various environmental
compartments, depicting the many transformations mercury speciation undergoes and the
physical, biological, and chemical processes which play a large role (modified from Xiao
et al 1004).
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Mercury in the Environment
The chemistry of mercury in aquatic systems is highly complex, making it
difficult to predict its behavior and ultimate fate in the environment. Sediments can act
as both sources and sinks for mercury (Covelli et al. 1999) and, due to its close
proximity, can adversely affect aquatic life for years when released (Kudo 1992).
Mercury speciation in natural waters is dependent upon the physical, chemical, and
biological parameters governing the system; these parameters allow mercury to be
converted to various forms, released from sediments to surface waters, taken up by
organisms, released back to the atmosphere, or transported by particulates to new,
previously uncontaminated locations.
The ecological and toxicological effects of mercury are influenced to a large
degree by the chemical parameters of the system. These parameters include redox
conditions (Eh), pH, and the presence of both organic and inorganic ligands. These
factors determine the species, forms, and the amount of complexation that occurs with
mercury in the environment.
Mercury Speciation
Mercury occurs in three redox states (e.g., Hg(0), Hg(I), and Hg(II)) and may
reside in various physical and chemical forms in the environment. The nature and
reactivity of these species determines the toxicity, mobility, and solubility of mercury in
aquatic systems, as well as its methylation potential. The predominant mercury species
found in natural waters include the elemental form (Hg0), inorganic forms (Hg+, Hg2+),
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which readily complex to various ligands, and organic forms, mainly methylmercury and
dimethylmercury [(CH3)2Hg, CH3Hg+, respectively].
Elemental species
Elemental mercury (Hg0) is volatile but relatively unreactive and is found in
greater abundance at the air-water interface. It has been estimated that only between 1030% of the dissolved mercury found in freshwater is present as Hg0 (Vandal et al. 1991;
Xiao et al. 1991). Hg0 found in surface waters occurs primarily from the reduction of
Hg+2 by microorganisms (Furukawa et al. 1969; Mason et al. 1995), although abiotic
reduction initiated by humic substances (Miller 1975; Xiao et al. 1995) and
photochemical reactions (Allard and Arsenie 1991) have also been demonstrated. Biotic
reduction has also been observed at nanomolar mercury concentrations through the
activity of bacterial mercuric reductase (Amyot et al. 1997). Although Hg0 is considered
stable and thus unreactive under mildly oxidizing or reducing conditions, it is oxidized to
Hg2+ quickly in the presence of chloride ions (Yamamoto 1996). This process has been
demonstrated in both lake and coastal waters by Amyot et al. (Amyot et al. 1994;1997).
Elemental mercury is supersaturated in most surface waters relative to the
atmosphere, especially during the warmer summer months (Fitzgerald 1994). Due to the
high volatility to Hg0, its removal from the system is favored as gas evasion or as
dissolved gaseous mercury (DGM). This volatilization reduces the mercury burden in the
water column; however, it also provides an important chemical mechanism for the
reduction of the Hg2+ substrate used by microorganisms in the synthesis of
methylmercury.
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Ionic species
There are a number of ionic mercury species that may reside in the water column.
According to thermodynamic calculations (Stumm and Morgan 1996), divalent mercury
(Hg2+) will not exist as the free ion in natural waters; instead, it will be complexed to
ligands present in the system, including chlorides, sulfides, and DOM (Morel et al. 1998),
depending upon the pH and ion concentrations in the water body.
Hg2+ can be chemically reduced to other forms upon entering a water body. The
processes controlling these reductions can be either chemical or biological in nature.
Mason et al. (1995) documented that the majority of Hg2+ reduction occurring in
incubation bottles was attributed to the presence of particles, and thus linked to
degradation by microorganisms. More recent research, however, has shown that
photoreduction is the primary mechanism (Amyot et al. 1997; Krabbenhoft et al. 1998).
While the mechanism behind this photoreduction is unknown, iron (Fe) (Collienne 1983),
manganese (Mn) (Sunda et al. 1983), or humic acids (Ullrich et al. 2001) have been
implicated.
Hg(I) is only stable as a dimer (Hg22+) in the water column and readily
disproportionates to Hg0 and Hg2+, the more favored species. In the past, this species of
mercury was considered to be primarily taken up by bacteria for methylation (Ullrich et
al. 2001); however, recent studies have shown that uncharged species are more readily
taken up by bacteria, making the speciation of mercury one of the most important factors
to consider in the production of methylated species.
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Methylated species
The majority of organomercury species present in natural waters are the direct
result of human activity. Organomercury compounds were used in fungicides and
industrial catalysts for many years. These compounds have been banned in numerous
parts of the world, leaving inorganic mercury as the main species available for
methylation (Craig 1986). Surface runoff and precipitation also contains species that can
be methylated. Historically, the emphasis for methylation has been placed in the
sediments (Korthals and Winfrey 1987; Ullrich et al. 2001) and from within the
watershed (St. Louis et al. 1994; Lee et al. 1998), due to low methylation rates in the
water column (Korthals and Winfrey 1987). However, increased methylation was
observed by Xun et al. (1987) in Canadian lakes in low pH waters, leading scientists to
focus research efforts on methylation production in freshwaters. Since this study, other
water chemistry parameters have been shown to influence the methylation of mercury in
aquatic systems to a higher degree. These parameters and the effect of each on
methylation rates are shown in Table 1.
The production of methylmercury in the water column is influenced by a variety
of environmental factors. Efficiency of methylation by microbes depends upon the
microbial activity as well as the fraction of bioavailable mercury available. These factors
are influenced by the chemical parameters of the system, including redox potential, pH,
temperature, and the presence of ligands. Total mercury concentrations in the water
column are not predictive of methylated concentrations (Kelly et al. 1995), and although
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no simple correlation exists to link to enhanced production of methylated species, acidic
waters, low salinity, and the presence of organic matter may all play important roles.

Table 1. Physical and chemical water conditions and the influence of each on
mercury methylation (Ullrich et al. 2001; Kongchum et al. 2006).

Qualitative Influence on Mercury
Methylation
Enhanced methylation
Enhanced methylation

Physical or Chemical Condition
Low dissolved oxygen (DO)
Decreased pH
Increased dissolved organic carbon
(DOC)
Increased salinity
Increased nutrient concentrations
Increased selenium concentrations
Increased temperatures
Increased sulfate concentrations
Increased sulfide concentrations

Enhanced methylation
Decreased methylation
Enhanced methylation
Decreased methylation
Enhanced methylation
Enhanced methylation
Enhanced methylation

Of the organomercury species, only monomethyl- and dimethyl-mercury are
believed to occur naturally in waters. Monomethylmercury is the most abundant species
found in freshwater and estuarine systems, while dimethylmercury is normally not
detected. Monomethylmercury is kinetically inert toward decomposition, which accounts
for its remarkable stability in natural waters (Stumm and Morgan 1996), while dimethyl
mercury species can be degraded by microbial action relatively efficiently and research
has also shown a photochemical decomposition pathway (Chen et al. 2003; Hoigne
2004). Other organomercury compounds decompose quickly in the environment, with
ethane and inorganic mercury being common degradation products (Craig 1986).
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Dimethyl and diphenylmercury species are volatile, nonpolar, and not very soluble in
water, causing these forms to be quickly evaporated back to the atmosphere, where they
become unavailable for uptake and accumulation by aquatic organisms (Morel et al.
1998).
In direct contrast to freshwater environments, dimethylmercury is the primary
product responsible for methylation in the oceans (Cossa et al. 1994; Mason et al. 1994).
It is believed this species is produced from labile inorganic Hg complexes in the lowoxygen (e.g., anoxic) regions of the ocean (Mason et al. 1998). No measurable
methylated species have been found in oceanic surface waters (Mason and Sullivan
1999), which can be attributed to losses from demethylation, direct evaporation, and
photochemical degradation pathways (Mason et al. 1994; 1995; 1998).
Mercury Concentrations in the Aquatic Environment
Water
Naturally, mercury is present at relatively low concentrations and measured
background concentrations have steadily declined with improvements in sampling and
detection techniques (Horvat 1996). Generally, freshwater systems contain < 5 ng/L (~
25 pM) total Hg (Craig 1986; Bloom 1989), although higher concentrations have been
reported. In humic lakes, mercury concentrations of up to 20 ng/L are not uncommon
(Meili 1997). In marine systems, mercury concentrations are much lower, ranging
between 0.5 and 4 pM in the Mediterranean and North Atlantic oceans (Cossa et al. 1997;
Mason et al. 1998). Mercury concentrations, in impaired waterways can even reach into
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the µg/L range. Heaven et al. (2000) measured dissolved Hg concentrations between 0.2
and 0.5 µg/L in the Nura River in Kazakhstan. The researchers concluded that the
concentrations fluctuated depending on seasonal and temporal trends.
There is a paucity of data on the concentrations of organic mercury compounds in
natural systems; therefore, only general comparisons can be made. It is believed that the
proportion of methylated mercury to total mercury is normally greater in freshwater
environments than marine systems. In estuarine and oceanic environments, methylated
species constitute < 5% of total mercury (Coquery et al. 1997; Ullrich et al. 2001), while
lakes, rivers, and other freshwaters can contain up to 30% methylmercury (Leermakers et
al. 1996; Meili 1997). Methylated fractions exceeding these values have been found in
poorly oxygenated waters (Eckley et al. 2005).
Sediment
Sediments provide the primary source of mercury to freshwaters; therefore,
background levels of mercury found in uncontaminated sediments can be directly
compared to levels found in surface soils that have never been exposed to pollution.
Craig (1986) measured total mercury concentrations for uncontaminated sediments
between 0.2 and 0.4 µg/g, but stated that in highly urbanized areas, these concentrations
could increase up to 100 µg/g for total mercury and 100 ng/g for methylmercury, a direct
result of human activities. For example, sediments taken from Minamata Bay in Japan
yielded 908 µg/g Hg dry weight (Fujiki and Tajima 1992).
The uncertainties and complications associated with quantifying total mercury
concentrations in soils and sediments have made implementation of a sediment quality
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criteria difficult. The hindrance lies in the fact that all the bioavailable pathways for
mercury are not completely understood and therefore caution should be taken when
interpreting mercury measurements reported in the literature (Chapman et al. 1999).
Recently, the quantification of methylmercury concentrations have also come under
scrutiny, when it was shown that methylmercury can be formed artificially during the
preparation of samples for analysis. Hintelmann et al. (1997) developed a method to
overcome this problem, but advised that methylmercury values cited in the literature
should be interpreted with caution.
Biota
Due to the fact that freshwater organisms can accumulate mercury from their
environment, most fish have measurable levels in their tissues. Background mercury
concentrations in fish from uncontaminated waters were on the order of 0.2 µg/g,
although higher concentrations have been found in larger predator fish due to
bioconcentration (Ullrich et al. 2001). Concentrations between 0.01 and 1.5 µg/g Hg
were measured for marine fish and shellfish in unpolluted waters (Craig 1986). In
contrast, fish sampled from Minamata Bay had mercury tissue concentrations upwards of
15 ug/g (Fujiki and Tajima 1992).
Mercury concentrations in aquatic biota have been correlated to various physical
parameters. For example, in a study conducted by Evans et al. (2005), higher mercury
concentrations were linked to the maturity of lake trout, northern pike, and walleye
populations sampled in various lakes throughout the Mackenzie River Basin in northern
Canada. In general, mercury concentrations increased with fish length, age, and trophic
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level; specifically, mean length was a good predictor of mercury concentrations in
walleye, and concentrations in lake trout could be accurately predicted by the age of the
fish. Twenty-two percent of lake trout, 33% of northern pike, and 50% of walleye
populations studied by Evans et al. (2005) had mercury concentrations in excess of 0.5
µg/g, which is the Canadian guideline for fish consumption.
Fish Sampling and Advisories
The mercury concentrations found in higher piscivorous fish have led to the
implementation of human health standards for the ingestion of freshwater fish in many
areas around the world. These limits vary with the regulatory organization; for example,
the World Health Organization (WHO) and the U.S. Food and Drug Administration
(FDA) have set maximum permissible concentrations at 0.5 and 1 µg Hg/g, respectively.
Individual state agencies have also taken the initiative in developing more
stringent guidelines for the protection and maintenance of human health standards. South
Carolina DHEC’s Bureau for Water, for example, collects approximately 2,000 fish
samples each year for mercury analysis. The data is reviewed by the Office of
Environmental Community Health and the advisories are updated on an annual basis to
maintain human health standards. Advisories are specific to individual water bodies and
the fish residing within those water bodies. The list gives advice on how many meals can
be consumed of a particular fish in a period of time from a river with a mercury advisory.
These advisories are available to the general public and are distributed to health clinics,
county health departments, and state recreational parks as an educational tool. The 2005
Fish Consumption Advisory Table for South Carolina is included in Appendix A.
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Mercury(II) Complexation to Environmental Ligands
The presence of ligands and metals in aqueous solutions often results in the
formation of metal complexes. The association between metals and ligands alters the
metal speciation and can change certain characteristics of the metal, such as solubility,
charge, size, and stereochemical configuration (Schuster 1991). The ligands can be either
organic or inorganic in nature, and the importance of each ligand for complexation to
metals will be dependent upon the concentrations of both the metal and ligand, as well as
the binding strength and stability of the complex, expressed as a conditional stability
constant. The abundance and concentration of ligands are generally high in rivers, lakes,
porewaters, and soils. Complexation of mercury by ligands can affect speciationdependent biogeochemical transformations such as methylation, reduction and evasion
processes, and adsorption (Lamborg et al. 2004). A list of potentially important ligands
for the binding of mercury(II) in aqueous systems is given in Table 2 (Lindqvist 1991;
Ravichandran 2004) and species diagrams depicting the stability and solubility of various
mercury species can be found throughout the literature (Gavis and Ferguson 1972;
Lockwood and Chen 1973; Hudson et al. 1994; Stumm and Morgan 1996).
In the absence of sulfides, or when the sulfide concentration is relatively low,
mercury-hydroxide complexes, such as Hg(OH)2 and HgOH+ are important in freshwater
systems (Stumm and Morgan 1996). At low pH and/or high chloride concentrations, Hgchloride species (i.e. HgCl+, HgCl2, HgCl3-, and HgCl42) become favored (Ravichandran
2004).

Mercury-sulfide compounds have also been observed in environments where

sulfides and thiols were detected (Benoit et al. 2001). Organic ligands of importance to

22

mercury speciation include those containing sulfur, such as cysteine and mercaptoacetate,
those containing nitrogen (NTA), and those containing oxygen (e.g., EDTA, acetate).
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Table 2. List of ligands of environmental importance for complexation by mercury(II)
species in natural waters (modified from Ravichandran 2004).

Ligand

Formula

HgLa
log
K

Acetic acid
Ammonia
Bromide
Carbonate
Chloride
Citric acid
Cysteine
Ethylenedinitrilotetraacetic
acid (EDTA)
Fluoride
Glycine
Hydroxide
Nitrilotriacetic acid
Phosphate
Sulfate
Sulfide
Thioglycolic acid
Thiosalicylic acid
Thiourea

CH3(COOH)
NH3
BrCO32ClHOC(CH2)2(COOH)3
HSCH2CH(NH2)COOH

3.7
8.8
9.1
11.0
7.3
10.9
14.4

24, 0.1
22, 2.0
25, 0.5
25, 0.5
25, 0
25, 0.1
25, 0.1

8.4
17.4
17.3
14.0
-

25, 3.0
22, 2.0
25, 0.5
25, 0
-

(HOOCCH2)4(NCH2)2

21.5

25, 0.1

-

-

FNH2CH2COOH
OHN(CH2COOH)3
PO43SO42HSHSCH2COOH
HSC6H4COOH
H2NCSNH2

1.0
10.3
10.6
14.3
9.5
1.3
34.5
25.7
11.4

25, 0.5
20, 0.5
25, 0
25, 0.1
25, 3.0
25, 0.5
25, 0.1
25, 0.5

19.2
21.8
37.7
43.8
22.1

20, 0.5
25,0
20, 1.0
25, 1.0
25, 0.5

T, I b

HgL2
log
K

a

T, I

Conditional stability constants for mercury complexation to one ligand (HgL),
where the reaction is [Hg2+] + [Ln-] Å Æ [HgL]n+2.. If mercury is complexed to more
than one ligand (HgL2), the reaction is [Hg2+] + [2Ln-] Å Æ [HgL2]n+2.
b

T = temperature (in °C) and I = ionic strength of solution (in M)
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Introduction to Dissolved Organic Matter (DOM)
Dissolved organic matter (DOM), which is ubiquitous in natural waters, is known
to bind strongly to trace metals, affecting their speciation, mobility, and toxicity in the
environment. Recent research has shown that DOM has a strong interaction with
mercury, altering its speciation and bioavailability (Loux 1998; Morel et al. 1998;
Ravichandran 2004). Positive correlations between DOM and mercury concentrations in
numerous water bodies have also strengthened this claim (Lindberg and Harriss 1974;
Meili et al. 1991; Mierle and Ingram 1991; Driscoll et al. 1995; Watras et al. 1995; Morel
et al. 1998; Kolka et al. 1999).
Nature of DOM
Dissolved organic matter (DOM) consists of a heterogeneous mixture of organic
compounds with poorly characterized chemical structures that are ubiquitous throughout
the environment. Approximately 20% of DOM is comprised of carbohydrates,
carboxylic acids, amino acids, and hydrocarbons, while the remaining 80% is known as
humic substances (HS), which are biogenic molecules produced from the decomposition
of plant and organismal material (Francois 1990; Leenheer 1994). Humic substances
have been operationally categorized into seven fractions, based solely on acid-base
properties and hydrophobicity: hydrophobic acids, bases, and neutrals, hydrophilic acids,
bases, and neutrals, and transphilic organic matter (Leenheer and Crouè 2003).
DOM can have molecular weights that range from a few hundred to over 100,000
daltons (Da). Although DOM has been characterized in the past as macromolecular in
nature, recent studies of soil and water extracts have found smaller molecular weights
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(i.e. 100-2000 Da), exhibiting characteristics of macromolecules; it is believed that this is
a result of the aggregation of these molecules through hydrogen bonding, non-polar
interactions, and polyvalent cation interactions (Leenheer et al. 2001; Simpson et al.
2002). DOM is a complex mixture of aromatic and aliphatic hydrocarbons that have
various functional group moieties attached. These include the most prevalent groups,
carboxylic, phenolic, and alcoholic hydroxyl (Rashid and King 1971; Rashid 1972),
although ketones (Theng and Posner 1967), amines (MacCarthy and O'Cinneide 1974),
and methoxyls (Preston and Schnitzer 1984), have also been documented.
Mercury and other trace metals are generally bound to the acidic sites in organic
matter. Of these functional groups, carboxylic acids and phenols contribute up to 90% of
the acidity to organic matter (Hayes et al. 1975; Pelekani et al. 1999). Each functional
moiety has a corresponding dissociation constant and thus deprotonate at different pH
values. There is much debate on the functional groups most likely to participate in metal
binding. Schnitzer and Skinner (1966) and Schnitzer (1969) hypothesized that metals are
bound to aromatic phthalate and salicyclic moieties on organic matter, while Leenheer
(1998) suggested that DOM contained polydentate-binding sites with the potential to bind
metals through both inner-sphere and outer-sphere complexation techniques.
Mercury Complexation with DOM
Mercury cations are defined as B-type metals, having a “soft sphere” of highly
polarizable electrons in their outer shell (Ravichandran 2004). Soft metals have the
highest water exchange rate constants, causing them to have high kinetic labilities
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(Margerum et al. 1978; Hudson 1998). Stumm and Morgan (1996) reported that soft
metals tend to favor sulfur ligands, the less electronegative halides, and nitrogencontaining ligands over those with oxygen.
Sulfur is a minor component in DOM, comprising only up to 4.0% of DOM by
weight. This sulfur can occur as either oxidized (e.g., sulfonate, sulfate) or reduced (e.g.,
sulfide, thiol) species with oxidation states ranging from –2 to +6. Although both
oxidized and reduced sulfur sites occur in conjunction with DOM, only those in the
reduced state are believed to be important in mercury complexation. Ravichandran
(2004) determined the stability constant for Hg2+ complexation with an oxidized sulfur
ligand, SO42-, as 101.3, whereas the stability constant for Hg2+ with S2-, a reduced sulfur
ligand, was 1052.4.
Investigators have recently begun to use X-ray absorption near-edge structure
(XANES) spectroscopy to characterize and quantify the sulfur speciation associated with
DOM (Morra et al. 1997; Xia, 1998). XANES is a nondestructive method of providing
specific information on the functional groups containing sulfur due to its sensitivity to the
electronic structure, oxidation state, and the geometry of the adjacent atoms.
Vairavamurthy et al. (1997) used XANES techniques to quantify the sulfur sites in
sedimentary humic material. Results showed that 12-50% of the total sulfur in aquatic
and soil organic matter is in the most reduced forms (e.g., thiol, sulfide, and disulfide)
needed for strong complexation to mercury. They concluded that the sulfur contained
within organic matter could be separated into two distinct categories- (1) the reduced
sulfur forms, comprised of organic sulfides and di- and polysulfides, and (2) the oxidized
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sulfur species, such as sulfonates and ester-bound sulfates. The reduced sulfur species
play a more active role in both biochemical and geochemical pathways, acting as
intramolecular bridges, while the oxidized sulfur sites are present only as terminal end
groups on humic substances.
Humic and fulvic acid samples collected from various environmental
compartments were examined using XANES spectroscopy by Xia et al. (1998).
Following analysis it was concluded that sulfur could be subdivided into four oxidation
groups- sulfate esters, sulfonates, sulfoxides, and thiol-sulfides. The results of the
samples analyzed show that the environment where each was produced had an impact on
the content of reduced sulfur. For example, the highest percentage of reduced sulfur
followed the sequence: aquatic samples > organic soil samples > mineral soil samples.
The reduced sulfur content in humic and fulvic acid samples taken from the Suwannee
River show 46 % of total sulfur in the humic samples and 35 % of total sulfur in the
fulvic samples. This is consistent with previous studies indicating that the hydrophobic
fractions in DOM, such as humic and fulvic acids, had significantly higher reduced sulfur
content than the lower molecular weight hydrophilic fractions (Mierle and Ingram 1991).
Xia et al. (1999) used XANES to analyze the binding of mercury to soil organic
matter and found that mercury was complexed preferentially to thiol, disulfide, and
disulfane humic acid functional groups. In this specific experiment, mercury was added
in excess of natural concentrations; therefore, the Hg also complexed secondarily to
oxygen-containing functional groups. However, at environmentally relevant Hg
concentrations, mercury is most likely to be found in close association with sulfur
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containing species (Haitzer et al. 2002). Due to the fact that functional groups containing
oxygen are much more abundant in humic material than sulfur-containing groups,
additional coordination with these oxygen groups is possible, creating the formation of a
bidentate complex. The XANES technique has been used to analyze NOM samples from
widely researched rivers, including the Florida Everglades, Suwannee River, Coal Creek
River, Yakima River, Missouri River, Ohio River, and Ogeechee River (Drexel et al.
2002).
Mercury-DOM Stability Constants
The incorporation of mercury-DOM complexation into models used to predict
speciation is difficult due to a variety of factors, including the complexity of organic
matter structure, reactivity, and the fact that little stability data exists for these complexes.
Literature reported conditional stability constants for mercury-DOM complexation are
shown in Table 3. Wide discrepancies in the range of values (over 26 orders of
magnitude) are observed, yielding only more questions for researchers. Ravichandran
(2004) warned that stability constants less than 1010 (Strohel and Huljev 1971; Cheam
and Gamble 1974; Yin et al. 1997) should be interpreted with caution, as they may not
accurately reflect the complexation of mercury to strong binding sites such as reduced
sulfur. These lower values are speculated to be due to the additional binding of mercury
to oxygen-containing functional groups which are weaker in nature, and thus result in
lower overall observed stability constants (Haitzer et al. 2002). Recent research
in this area has indicated that stability constants on the order of 1022 - 1028 are probably
the most representative of this stronger binding (Han et al. 2006).
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The large differences in experimentally derived stability constants can be
attributed to a variety of factors, including the heterogeneity of DOM, the environmental
compartment from which it was taken, mercury concentrations, and the sensitivity of
analytical equipment used to separate and quantify the free and bound metal
concentrations (Ravichandran 2004). For example, humic substances derived from soils
and sediments are distinctly different from those derived from aqueous environments, and
have diverse functional group moieties, which can alter metal binding characteristics
(Malcolm 1990); therefore, the stability constants calculated are specific to the humic
substance used and may not be extrapolated to other types of organic matter.
In the quest to design experiments in the laboratory that mimic conditions found
in nature, low mercury concentrations (e.g., 5-50 pM) should be used to accurately
represent the concentrations found in aquatic systems. Using these concentrations in a
chemical speciation modeling program (e.g., Visual MINTEQ) predicts that the majority
of mercury (> 99%) will be strongly bound to the reduced sulfur groups found in DOM,
leaving only a fraction (< 1%) left as “free” mercury in solution. Although the
quantification and separation of such low levels can be a daunting task, it is imperative
for the accuracy of Hg-DOM models.
When mercury complexation to DOM is modeled and Hg/DOM ratios are low,
the method used estimates the concentration of strong binding sites found in organic
matter using calculations and assumptions described by Haitzer et al. (2002). However,
if Hg/DOM ratios are high, then complexation to weaker binding sites is likely, and in
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this scenario Drexel et al. (2002) suggests using a multi-site model to account for both
strong and weak complexation.
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Table 3. Conditional stability constants reported in the literature. Table modified from Ravichandran (2004).

Method

Type of organic matter

pH

Conditional
Stability
Constant (K)

Ion exchange

Marine sedimentary humic acid;
commercial humic acid

5.0

105.2

Iodide selective electrode

Soil fulvic acid

3.0 - 4.0

104.9 – 105.1

Gel filtration chromatography

Lake and river humic acids

8.0

1018.4 – 1021.1

Literature
Reference

4.0

1010.4

4.5

104.7

7.2

109.7 – 1010.8

Wu et al. (1997)

Competitive complexation

Soil humic substances

3.2

1020.6 – 1023.9

Sorption to peat soils

Peat soils

-

1031.1 – 1032.2 (for
organic thiols)

Skyllberg et al.
(1997)
Skyllberg et al.
(2000)
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Bog water- concentrated organic
matter
Soil humic substances
Coastal, estuarine, and river humic
substances

Strohel et al.
(1971)
Cheam et al.
(1974)
Mantoura et al.
(1975);
Mantoura et al.
(1978)
Lovgren et al.
(1989)
Yin et al. (1997)

Titration
Iodide selective electrode
Anodic stripping voltammetry

Table 3. Conditional stability constants reported in the literature. Table modified from Ravichandran (2004) (continued).

Competitive ligand with octanolwater partitioning

Aquatic humic substances

Variable

1010.6 – 1011.8
(DOM)
22.4
10 – 1023.8
(ionized thiols)

Fluorescence spectroscopy

Coastal, freshwater wetland, and
canal organic matter

Variable

104.1 – 105.3

Lu et al. (2001)
Haitzer et al.
(2002)

Benoit et al.
(2001)
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Equilibrium dialysis ligand
exchange

Aquatic humic substances

7.0
4.9-5.6

1023.2 (at low
Hg/DOM ratios)
1010.7 (at high
Hg/DOM ratios)

Competitive ligand exchange

Organic matter in streams and
wastewater treatment plants

-

> 1030

Hsu et al.
(2003)

“Reducible” titrations

Dissolved organic matter from
lakes and rivers

7.5

1021 – 1022.9

Lamborg et al.
(2003)

3-dimensional excitation emission
matrix fluorescence spectroscopy

Stream organic matter

Variable

104.4 – 105.2

Wu et al. (2004)

A recently published study by Khwaja et al. (2006) examined binding constants
for Hg2+ in organic matter derived from various sources. KHgL values were calculated for
a bidentate site with results of log K= 38-40 being reported. Results obtained in this
study were compared to those of Haitzer et al. (2003) who found log K values equal to
28.1 for bidentate site binding using an aquatic humic acid.
Khwaja and co-workers (2006) also compared the formation constants described
in their work to other recently conducted research in this area. Although direct
comparisons are difficult due to the various approaches used and different assumptions
made in the calculation of log K values, generalizations can be made. Skyllberg et al.
(2000) used bromide (Br-) as a competitive ligand to determine binding strengths in
organic soils from a forest in Minnesota and reported log Koc values between 22.4 and
23.5, which are in good agreement with the calculated values of Khwaja et al. (log K =
24).
Drexel et al. (2002) used peat from the Florida Everglades to determine constants
for Hg2+ binding to organic carbon. They added mercury and determined the amount that
adsorbed to DOC, which was similar to the zero penicillamine control samples used by
Khwaja et al. (2006). Following the experiments, they calculated binding constants for
DOM (e.g., KDOM) between 22.8 and 23.3. KHgL values for monodentate mercury binding
to thiol sites were reported in the range of 25.8-27.2, which are much lower than shown
by Khwaja and his co-workers (log KHgL = 38).
Another study performed by Haitzer et al. (2003) determined binding constants
for low mercury loading at pH=7 using seven aquatic humic materials derived from
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various sources and found no significant differences in complexation. They also
examined the pH dependence of binding for a humic acid sample and concluded that the
displacement of two protons occurs during the formation of a complex between HgDOM, which was also a conclusion drawn from a similar experiment conducted by
Khwaja et al. (2006).
Although the binding constants published from research groups are not always in
direct agreement, some distinct similarities can be drawn from these experiments. All the
studies examined show that mercury binding to organic matter is very strong, especially
at environmentally relevant concentrations. The dependence on pH strongly suggests that
thiol groups are involved in this type of complexation (Hesterberg et al. 2001). Cysteine
has been hypothesized (Stevenson 1982) as the sole contributor to thiol functionality and
therefore must be available for complexation in organic matter.
Toxic Effects of Mercury
The presence of DOM in natural waters can have a profound influence on
mercury toxicity, producing both positive and negative results. DOM has been shown to
facilitate the solubility of mercury, increasing concentrations in the water column.
Mercury complexation to DOM also limits its availability for uptake by aquatic
organisms (Watras and Bloom 1992; Driscoll et al. 1995). Conflicting results have been
reported for the correlation between mercury in fish and DOM concentrations; Grieb et
al. (1990) showed a negative correlation between the two, while other researchers have
observed a positive correlation and interaction (Richardson et al. 1995).
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Although mercury is known to exert toxicity to organisms in aquatic systems,
there is a paucity of research documenting these effects. This scarcity is due to the
myriad of factors that can influence, and thus complicate, mercury toxicity in the
environment. Therefore, in order to accurately study mercury toxicity, only selected
parameters can be altered during any experiment.
Invertebrate species
The literature is limited on the effects of mercury to invertebrate species, possibly
due to the fact that the mechanism of toxicity to these species is often difficult to
accurately quantify. Although studies have been conducted analyzing the mercury
concentrations in several freshwater invertebrates, including crustaceans (Phillips et al
1987), zooplankton (Phillips et al. 1987) insects (Cox et al. 1975; Smith et al. 1975;
Phillips et al. 1987), decapods (France 1987; Allard and Stokes 1989), and mollusks
(Smith et al. 1975), these studies were performed before the ability of analytical
equipment could detect lower and more environmentally relevant concentrations. Studies
performed more recently are better predictors of the mercury concentrations found in
invertebrates currently. The soil nematode Caenorhabditis elegans has been used
extensively in the past for metal toxicity studies. This is due to research showing that the
species is an accurate predictor of mammalian acute lethality, generating LC50 values
parallel to LD50 values calculated experimentally with rats and mice (Williams and
Dusenbury 1988). Because the cost of testing using C. elegans is 10% that of
mammalian testing, using the species in metal toxicity studies offers numerous

36

advantages. Eight metal salts, including mercury, were tested to determine acute lethality
to C. elegans. Williams and Dusenbury (1988) determined that results from C. elegans
tests were very closely related to those of the rat and therefore indistinguishable in its
ability to predict acute lethality of metallic salts to other mammals. In another study,
neurobehavioral toxicity of both metals and pesticides were assessed using a computer
tracking system (Williams and Dusenbury 1990). This system uses a closed-circuit
television camera linked to a microcomputer to simultaneously track hundreds of
nematodes and report their locomotion rate and change of direction once per second
(Pline and Dusenbury 1987). The results for C. elegans exposed to HgCl2 concentrations
between 0.4 and 1.0 mg/L showed a sharp increase in activity and this hyperactivity
remained elevated until the concentrations reached 10 mg/L. At this highest
concentration, the movements of the nematodes dropped sharply and mortality occurred.
The hyperactivity observed in the nematode upon exposure to elevated levels of mercury
represents a behavioral effect similar to that seen in humans following exposure to high
mercury concentrations. These changes include alterations in personality, tremors, loss
of sleep, and hyperactivity.
Valenti et al. (2005) examined the acute and chronic toxicity of mercury to early
life stages of the rainbow mussel, Villosa iris. Although the glochidia (immature
freshwater mussel modified for a parasitic existence) and juvenile life stages have been
neglected in toxicity research, they are hypothesized to be more sensitive to contaminants
than adults. To assess mercury toxicity, three bioassays were conducted- 72-hr acute
glochidia, 96-hr acute juvenile, and 21-d chronic juvenile. Following exposure, it was
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found that V. iris glochidia were more sensitive than 2-month old juveniles to acute
mercury exposure: there was a 10-fold difference in the calculated LC50 values for the
two stages. The results of the chronic juvenile exposure yielded a no-observable-effects
concentration (NOEC) of 4 µg Hg/L and a lowest-observable-effects concentration
(LOEC) for growth of 8 µg Hg/L. Growth was inhibited by 25% at 8 µg Hg/L and
individuals exposed to > 32 µg Hg/L only grew 10% as much when compared to control
organisms. Although no mortality occurred in any of the exposed treatments, many
sublethal effects were observed including decreased oxygen consumption, growth, and
shorter periods of activity accompanied by extended periods of rest. These effects lend
credible evidence to the hypothesis that mercury exposure affects bivalve filtration rates,
which has been shown by other researchers (Salànki and V.-Balogh 1989).
Vertebrate species
There is a small number of recently published research documenting toxic effects
to larger vertebrate species. These studies lend some insight into the toxicity of mercury
in higher organisms- how it enters the organism, the pathways it takes, and how
effectively it is metabolized. Rouleau et al. (1999) exposed both brown and rainbow
trout to ionic mercury through intravenous and waterborne exposure and examined the
accumulation in brain tissues. They concluded that mercury did not accumulate in brain
tissue after injection intravenously, an indication that the blood-brain barrier is
impervious to mercury in the plasma. Mercury accumulation, however, was documented
in specific areas of the brain (e.g., olfactory system, medulla of the cerebellum, optic
nerve, tectum, and spinal cord) following waterborne exposure. The specificity of the

38

accumulation suggests that mercury is taken up by receptor cells of sensory nerves and
transferred to the brain by anoxal transport, a normal physiological process to move ions
along nerve axons.
Humic and fulvic acids have been shown to complex strongly to mercury in the
environment, sequestering the ion and decreasing its ability for uptake by organisms.
Recent research has examined the effect of organic matter has on mercury toxicity; due to
the lack of a comprehensive physical or chemical structure for the organic matter,
however, reference or standard materials, which are better characterized and can be
obtained quickly, are often used in place of organic matter collected from the field. The
influence of standard and reference humic and fulvic acids on mercury toxicity was
assessed in research conducted by Alberts et al. (2000). They concluded that both humic
and fulvic acids decreased mercury toxicity to V. fischeri; toxicity was reduced up to
7.3% by the addition of soil fulvic acids and up to 16% by aquatic fulvic acids. This,
however, was not the conclusion observed for humic acids, where a 20% reduction in
toxicity was observed, regardless of the origin of the humic acid (e.g., soil or aquatic).
Choi et al. (1998) assessed the bioavailability of methylmercury to Sacramento
blackfish (Orthodon microlepidotus) in the presence of organic matter. They examined
inspired and expired water from fish gills and determined that methylmercury uptake was
significantly reduced in the presence of increasing organic carbon concentrations. The
reductions observed indicate a strong interaction between methylmercury and DOM
across the gill of fish. Concentrations of methylated species present in the gills, kidney,
and spleen of the fish were significantly lower with the addition of organic matter. This
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lower observed bioavailability of methylmercury proves that the presence of DOM
inhibits the transport of methylated species across the gill membrane, decreasing whole
body concentrations in fish and reducing thus toxicity.
Klinck et al. (2005) examined the influence of both water chemistry and organic
matter on the acute and passive uptake of inorganic mercury by the gills of rainbow trout
(Oncoryhncus mykiss). Trout were exposed to increasing concentrations of mercury in
ion-poor waters. Mercury accumulation on the gills did not change with the addition of
mM concentrations of ions (e.g., Ca2+, K+, and Cl-) to the water. However, the addition
of strong mercury complexing agents (e.g., cysteine) decreased mercury binding to the
gills in a dose-dependent manner. The addition of increasing concentrations of NOM
also decreased mercury binding to the gills, although adding ions to the ion-poor water
interfered with this effect. Both of these binding constant values are necessary for the
development of a Biotic Ligand Model (BLM) for inorganic mercury and fish.
Biotic Ligand Model (BLM)
The BLM replaces the fish gill with a more generally characterized site- that of
a biotic ligand, which is depicted in Figure 2 (Di Toro et al. 2001). This replacement
allows the BLM to be applicable to a variety of different aquatic organisms, which is
of importance when the site of action of a particular species is not easily measured.
The BLM takes into account a variety of factors that may contribute to metal toxicity
in aquatic systems:
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(1) the toxicity of the free metal ion in solution;
(2) complexation by both organic and inorganic ligands (including NOM)
decreases the free ion in solution, thus also decreasing toxicity;
(3) water quality parameters (e.g., pH, hardness, alkalinity) that affect metal
speciation and toxicity; and,
(4) hardness cations provide a certain degree of protection due to competition
with metal ions for binding sites (Niyogi and Wood 2004).
The level of metal accumulation is then in turn related to a toxicological response from
the organism. The BLM, therefore, provides an explanation to link exposure to observed
effects. The toxicological response of the organism will vary in a systematic manner,
depending upon the chemistry of the aquatic system and the physiology of the organism.
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Figure 2. Schematic representation of the Biotic Ligand Model (BLM) for metal binding to a fish gill. Figure modified from
Paquin et al. (2002).

Assumptions
The BLM assumes a steady state among all metal and ligand species, which
allows reversibility for all variables, including the biotic ligand site. Toxicity predictions
are independent of the location or type of ligand present and focus on the free metal
concentration taken up by the organism. In order to maintain equilibrium conditions, the
free metal flux through the diffusion layer of the biotic ligand must be large in relation to
the uptake of the metal (Hudson 1998). Therefore, the toxicity of a single metal is related
to the concentration of the free metal ion. The BLM also assumes that a single
mechanism of toxicity exists for a specific metal and organism. If, however, more than
one mechanism pathway exists, the binding constant obtained would become an average
constant, with no impairment in predictive capability to the BLM (Bell et al. 2002).
For the incorporation of soft, kinetically labile metals such as mercury into the
BLM, the following assumptions must be made:
(1)

Equilibrium via the dissociative pathway will only occur when the
metal is weakly bound to a ligand, such as mercury to oxygencontaining moieties;

(2)

All metals complex strongly to sulfur ligands (e.g., mixed metal
sulfides, thiols residing in organic matter). Metal thiolates undergo
ligand exchange by solely an associative mechanism;

(3)

Hg-DOM thiolates will only undergo rapid exchange to establish
equilibrium if
a. The thiolate is sterically unhindered; and,
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b. The biotic ligand is sterically unhindered; and,
(4)

Mercury bound to mixed metal sulfides is considered kinetically inert
(Di Toro et al. 2001; Paquin et al 2002).

Mortality occurs when the metal concentration complexed to the biotic ligand exceeds
a threshold concentration. This concentration can be predicted using previously
acquired data for the metal couple with the BLM.
Incorporation of Mercury into the BLM
The parameters needed for the development of a BLM for a specific metal are the
conditional stability constants (e.g., KHL and KML) and the total density for the site of
action (e.g., [Lj-]T). For fish, these values are calculated from experimental
measurements on fish gills (Di Toro et al. 2001). These values have been experimentally
determined for copper (Santore et al. 2001; McGeer et al. 2002; Van Genderen et al.
2005), cadmium (Playle et al. 1993a; Playle et al. 1993b), and silver (Janes and Playle
1995). For other metals, such as mercury, where stability constants are scarce and often
not in agreement, this becomes increasingly more difficult. As fish gill measurements are
not appropriate for all organisms, relevant values can be obtained for other organisms by
fitting observed mortality data with a model. This model determines the critical mortality
concentration from toxicity experiments where an LC50 or EC50 value was established for
a variety of metals and competing cation concentrations. Once the site densities and
stability constants are documented, the critical ligand concentration that corresponds to
the observed aqueous LC50 concentration is calculated. Although the use of this model is
acceptable for the determination of values in simple systems, natural waters are not as
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simplistic. Many other factors in aquatic systems can influence these values, including
the presence of organic matter and competition from various ligands, making it extremely
difficult to accurately determine these constants.
Little research has focused on determining reliable constants for the incorporation
of mercury into the BLM. Klinck et al. (2005) recently determined stability constants for
mercury complexation to the gill of rainbow trout and calculated an equilibrium constant
for mercury binding to the gills to be log KHg-gill = 18.0, representing strong binding of
mercury to the gills. After organic matter was added to the testing solutions, a
conditional binding constant for mercury complexation to the organic matter of log KHgNOM

= 18.0 was estimated. Continuing research on accurately developing these constants

for mercury complexation to fish gills as well as to other aquatic organisms will need to
be conducted for advancement of the BLM and incorporation of other metals.
The Future of the BLM
The final step in the development of a BLM is quantifying relationships between
short-term metal binding (e.g., < 24 hour) and eventual toxicity (e.g., > 96 hour), which is
still considered a work in progress. For metals, this becomes a daunting task because
they can exist in many aqueous forms, such as the free ion, dissolved inorganic, organic,
and a variety of particulate forms. More research needs to be conducted to better
quantify metal binding to the biotic ligand as well as to other ligands in solution that may
compete with the biotic ligand. A more detailed understanding of these relationships will
help make connections between acute and chronic exposure to metals, with the overall
goal of validating the BLM model for a wide variety of toxic metals.
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Conclusions
Mercury is a re-emerging metal of concern in the environment, with numerous
water bodies being adversely impacted with fish consumption advisories. Mercury enters
natural water systems by a complex biogeochemical cycle, by which it can speciate into
different forms, travel to various environmental compartments, and eventually become
available for uptake by organisms in the water column.
Many factors can affect the speciation, mobility, solubility, and toxicity of
mercury in the environment, including pH, redox conditions, and the presence of
complexing ligands. These ligands can be either organic or inorganic in nature and
strongly interact with mercury. One ligand of importance is DOM, which is ubiquitous in
soils, sediments, and the water column. Mercury binds strongly to the reduced sulfur
sites on DOM, as confirmed by recent advances in spectroscopic techniques (e.g.,
XANES), showing strong interactions between mercury and DOM through covalent
bonding with thiol-type functional moieties.
Although the conditional stability constants for mercury complexation to DOM
range over 25 orders of magnitude, the complexation to reduced sulfur groups is reflected
in reported stability constants on the order of 1022 – 1028. Lower stability constants
reported in the literature many times take into account mercury binding to oxygencontaining functional groups, which is a significantly weaker complexation. Future
research should focus on isolating and quantifying the reactive, stronger binding sites
residing within DOM, for the development of more accurate stability constants that can
be used in metal speciation and equilibrium studies.
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Although the toxicity and bioavailability of most metals are reduced upon
complexation to DOM, it can either enhance or inhibit the effect of mercury. Methylated
mercury is considered much more environmentally relevant than inorganic species due to
toxicity and bioaccumulation through the food chain. There is evidence that the presence
of DOM has a significant effect on the formation and ultimate toxicity of all mercury
species in general; however, more research into the direct pathways by which this can
occur is still needed.
There is not an abundance of research examining mercury toxicity to invertebrate
and vertebrate species. The difficulty lies in determining the mechanism of toxicity for
mercury in many species, especially at low environmental concentrations. In the
presence of DOM, mercury speciation and quantification becomes increasingly more
complex, due to the heterogeneous nature of organic matter and the delicate nature of
accurately separating free metal concentrations from complexed concentrations. Values
reported in the literature are performed under various experimental conditions (e.g.,
natural organic matter vs. commercial organic matter) and, many times, the conclusions
are in direct disagreement. Further research into quantifying the mechanisms of mercury
toxicity to aquatic organisms is imperative for a better understanding of its role in the
environment.
The BLM has shown much promise in its ability to accurately predict toxicity to
vertebrate fish species; copper, cadmium, and silver have been successfully incorporated
into this model. Soft metals, such as mercury, however, are more difficult to predict.
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This is due to the small quantity of stability constants available and the difficulty in
predicting its speciation, solubility, and bioavailability in the environment.
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CHAPTER 3
CHARACTERIZATION OF DISSOLVED ORGANIC MATTER (DOM) FROM
THE OGEECHEE RIVER

Introduction
Recent research has identified dissolved organic matter (DOM) as important to
natural waters, due to its participation in many biogeochemical processes (Livens 1991;
Koopal et al. 2001); it is known to affect the speciation, mobility, and bioavailability of
numerous organic and inorganic contaminants in the environment. Although DOM is
known to play a role in many chemical processes, the portions of DOM responsible for
these reactions are not well understood. Due to the fact that organic matter derived from
one source is likely to be unique in its ensemble structure and reactivity, it may not be
extrapolated to organic matter derived from other sources. Therefore, the
characterization of the physiochemical properties of DOM derived from various sources
is imperative in the complete understanding of its role in aquatic environments.
Investigations using DOM have concluded that it can decrease the bioavailability
and toxicity of metals to a variety of freshwater organisms (Winner 1985; Erickson et al.
1996; Ma et al. 1999; De Schamphelaere et al. 2002; 2004). However, the majority of the
above studies used Aldrich Humic Acid (AHA), a commercially available humic acid
derived from lignite for the purpose of simplicity. Malcolm and MacCarthy (1986)
reported that AHA is structurally and chemically different from aquatic organic matter
and therefore is not representative of aquatic DOM.
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Considering the problems inherent in DOM research, recent investigations have
focused on identifying the characteristic properties of these molecules that may provide
insight into the amelioration of metal toxicity (Pempkowiak et al. 1999; Richards et al.
2001; Ritchie and Perdue 2003). Studies such as these become more relevant as the
complexities and variability associated with DOM become better understood. The
properties of DOM vary from source to source, and although one characteristic cannot
solely be used to define the reactiveness of the entire molecule, a series of properties can
be used in conjunction to present an overall summary of how the molecule may behave in
the environment. Many investigators have predicted that DOM properties may represent
a way to incorporate variability into bioavailability models such as the Biotic Ligand
Model (BLM) (De Schamphelaere et al. 2002; 2004; Ryan et al. 2004).
Research conducted by Richards et al. (2001) quantified the effect of DOM
presence on metal uptake and toxicity to rainbow trout using mixtures containing Ag, Cd,
Co, Cu, Hg, and Pb. They concluded that simple optical properties such as UV
absorbance and absorbance-to-fluorescence ratios alone may be able to accurately
characterize the differences in DOM aromaticity. Although the source of the DOM was
not evaluated in this study, it was hypothesized that DOM of higher aromaticity may
reduce metal toxicity to a larger extent than lower aromatic organic matter.
In work by Belzile and Guo (2006), optical properties of low molecular weight
(LMW) and colloidal fractions of DOM were used as an index of bulk DOM composition
from samples collected on the Yukon River in Alaska. The ratio of fluorescence to
absorbance was the most relevant optical property examined; the contrasting optical
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properties shown by the two fractions indicate that the bulk DOM reveals information
regarding its composition and diagenetic state. Results from this study concluded that
approximately 67% of DOM fluorescence found in the Yukon River is colloidal in
nature, reactive, and potentially labile. This research also showed that simple optical
properties, coupled with chemical characteristics such as molecular weight are valuable
and important to better understand the reactive fractions of DOM.
Absorbance has been used as a refining parameter in copper BLMs (Richards et
al. 2001; Bossuyt et al. 2004); in these studies it was shown that absorbance can be used
as a predictor of the autochthonous or allochthonous origin of DOM. Organic matter
originating from autochthonous sources is generally a lighter color and composed of
higher percentages of carbohydrates, aliphatic moieties, and compounds containing
nitrogen, while DOM produced from allochthonous sources are comprised of larger
amounts of aromatic compounds and are darker in color (Buffle 1988).
Other physiochemical characteristics of DOM that have been reported to influence metal
toxicity include the complexation capacity of the metal (Wu et al. 1997; Apte et al. 2000),
fluorescence quenching (Cabaniss and Shuman 1986; 1988; Miano et al. 1988; Green et
al. 1992; Chen et al. 2003), and average molecular weight (MW) of the metal-DOM
complex (Chin et al. 1994; Zhou et al. 2000; Simpson 2002). These properties, although
relatively simple to measure, can be used to characterize the organic matter and
determine which factors are important in the reduction of toxicity. The overarching goal
of this chapter was to characterize the dissolved organic matter collected from the
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Ogeechee River through a variety of physiochemical properties and assess each factor in
its ability to ameliorate metal toxicity. The results will be used in a chemical equilibrium
speciation model to determine accurate metal concentrations in future toxicity tests.
Experimental Design
Site Description
The Ogeechee River is a sixth-order black water river in southeastern Georgia,
originating in the Piedmont and continuing to the Coastal Plain, where it eventually
empties into the Atlantic Ocean. Unlike other black water rivers, the Ogeechee has a
relatively high pH (approximately 7.0) due to inputs of carbonate-rich waters from
Magnolia Springs State Park (Millen, GA) (Leff and Meyer 1991). Flow averages 100
cubic meters per second and the drainage basin covers approximately 7,000 square
kilometers.
The Ogeechee River travels through three distinct ecoregions- (1) the Piedmont,
characterized by eroded soils that are rich in clays, (2) the Southeastern Plain, comprised
predominantly of agricultural lands, and (3) the Middle Atlantic Coastal Plain, the
majority of which are swamps and wetland areas. Forestry provides the largest economic
revenue within the basin. Agriculture is also important, consisting of a mixture of animal
operations and extensive commodity productions. It was chosen for this study due to its
proximity to the university, easily accessible sites, and high concentrations of dissolved
organic matter (DOM). Also, previous research has focused on the availability and
utilization of organic carbon along the Ogeechee River (Meyer and Edwards 1990; Leff
and Meyer 1991; Sun et al. 1997).
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Organic carbon sources found within the Ogeechee River have been well
documented by many investigators. Meyer and Edwards (1990) examined both
ecosystem metabolism and the turnover of organic carbon along this blackwater river and
determined that, unlike other sixth-order river systems studied, metabolism along the
Ogeechee River is dependent on allochthonous carbon sources, provided by the
surrounding floodplains and riparian swamps. Results also showed that, although higher
order streams are responsible for the majority of metabolic activity in the river, they are
less efficient in processing the organic carbon. This research was extended further by the
work of Leff and Meyer (1991) who compared the growth of biological assemblages on
various mixtures of organic matter. They concluded that the bioavailability of DOC
changes both spatially and temporally along a river continuum and that further studies
were needed to correlate biological results to chemical measurements that characterize
the organic matter.
Sample Collection
Whole water samples were collected at seven sites along the entire length of the
river on April 3 and 4, 2004. The sampling sites were numbered one through seven, with
Site # 1 being the furthest upstream and Site # 7 being the furthest downstream. The
exact sampling locations for the sites are depicted in Figure 3. Eight liters of water were
collected at each site and placed into two 4-L EPA approved HDPE natural wide mouth
plastic polypropylene containers, certified for trace metal analysis (Eagle Pricher, Inc.,
Miami, OK). The samples were collected by allowing the water to run into the sampling
container from upstream of each site. Each sample was tea colored at the time of
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collection, corresponding to the high concentrations of DOM in the river system. The
samples were placed on ice and returned to the Clemson Institute of Environmental
Toxicology (CIET) in Pendleton, South Carolina. Upon arrival, the samples were
immediately placed in a 4°C refrigerator until analysis to minimize decomposition of the
organic matter.
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Site #1

Site #2

Site #3

Site #4

Site #5
Site #6
Site #7

Figure 3. Sites on the Ogeechee River where whole water samples were collected on
April 3-4, 2004.
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Chemical Analysis of Samples
A series of physiochemical parameters were measured on aliquots taken from
each whole water sample collected, including pH, alkalinity, hardness, and conductivity.
Measurements were conducted on each individual 4-L sample at room temperature and
then averaged for each site. Both hardness and alkalinity titration procedures were
followed using Standard Methods (1976). Following chemical analysis, the samples
were sequentially filtered via vacuum filtration methods, first through a 0.7 µm filter to
remove large debris (i.e., sticks, leaves) and then through a 0.45 µm Millipore PTFE
membrane filter (Waters Corporation, Milford, MA) to eliminate particle and colloidal
interferences.
Two samples of each site water were sent to Clemson University’s Agricultural
Services Laboratory and analyzed for trace metals and other cations using Atomic
Emission Spectroscopy-Inductively Coupled Plasma (AES-ICP) techniques. The first
sample consisted of the site water without any adjustments (e.g., prior to filtration), while
the second sample was taken following filtration. This allowed the effect of sample
filtration to be assessed as well as to ensure that only the dissolved fraction of organic
matter was present and available for mercury complexation in toxicity experiments
(discussed in Chapter 4).

68

Characterization of DOM
Absorbance
Absorbance spectra for all water samples (filtered and unfiltered) were taken at
wavelengths between 190 nm and 800 nm with a Shimadzu UV-2501PC UV-Vis
spectrophotometer (Shimadzu Scientific Instruments, Columbia, MD). The cell path
length was 1 cm and a 1 nm slit-width was used for all analyses. Specific ultraviolet
absorbance (SUVA) values were also calculated for each site water. SUVA is defined as
the UV absorbance of a sample at a given wavelength normalized for dissolved organic
carbon (DOC) concentration. A wavelength of 254 nm is generally used, as this is where
maximum DOC absorbance is often observed. SUVA is calculated by the following
equation:

SUVA (L/mg-M) = UV254(cm-1) / TOC (mg/L) * 100 cm/M

(3.1)

SUVA values correspond to the average absorptivity for all molecules comprised within
DOM and have been previously used as a surrogate measurement to 13C NMR
spectroscopy for the determination of aromaticity, due to its more simplistic and less
expensive methods (Traina 1990).
Weishaar et al. (2003) evaluated SUVA254 as an indicator of both the chemical
composition and reactivity of DOM and concluded that, although SUVA measurements
were good predictors of the general chemical characteristics of organic matter, this
parameter alone did not provide enough information to accurately characterize the
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reactivity of DOM, especially when derived from various sources. Still, SUVA values
can be informative with respect to the aromaticity of the molecules.
Total Organic Carbon (TOC)
Due to the fact that dissolved organic matter (DOM) comprises the largest
fraction of organic matter in aquatic samples, its chemical characterization can reveal
much about the reactivity of the molecules. Studies have shown that aromatic carbon
content and UV absorbance specifically, have been important properties indicative of the
chemical reactivity of DOM (Reckhow et al. 1990; McKnight et al. 1992; Li et al. 2000).
For example, Chin et al. (1997) observed a correlation between the binding constant of
pyrene (KDOC), the molar absorptivity at 280 nm, and the aromaticity of the carbon
sampled from a variety of environments. Also, the aromatic carbon content of DOM has
been linked to the reactivity of oxidants (Reckhow et al. 1990; Li et al. 2000), coagulants
(Weishaar et al. 2003), and metal species (McKnight et al. 1992; Hoch et al. 2000).
Samples of both filtered and unfiltered Ogeechee River site water was used for
the determination of total organic carbon (TOC) concentrations. TOC measurements
were determined for each Ogeechee River sample, to determine the initial concentration
of total carbon at each site sampled, prior to and following filtration. These samples were
sent to Clemson University’s Environmental Engineering and Science Department
(EE&S) for analysis. Each measurement was performed in triplicate using a Shimadzu
TOC-V/TN analyzer with attached autosampler (Shimadzu Scientific Instruments,
Columbia, MD); external standards were prepared in potassium hydrogen phthalate
(KHP). Each sample was acidified and purged to strip out the inorganic carbon before
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total carbon concentrations are detected by the instrument. Through deduction of these
two values, the organic carbon concentrations are reached.
Fluorescence
A fluorescence technique, similar to that detailed previously by Chen et al.
(2003), was used to construct excitation-emission matrices (EEMs) for each Ogeechee
River sample. Although a number of fluorescence techniques have been used for the
characterization of organic matter in both water and sediments (Cabaniss and Shuman
1987; Senesi et al. 1989; Matthews et al. 1996), the creation of EEM fluorescence spectra
is the most popular due to its straightforward methods and the large number of data
points acquired that can be used for analysis. It was used in this study as a quantitative
tool in the characterization of DOM.
Fluorescence measurements were taken on each filtered whole water sample. A
PTI QuantaMaster™ spectrofluorometer (Lawrenceville, New Jersey) was used for all
measurements. It consisted of a xenon lamp, which was used as the excitation source for
all samples. Excitation and emission wavelengths were set at 2 nm and 4 nm,
respectively. The EEMs were obtained by increasing the excitation wavelengths in an
incremental 5 nm step size from 200 nm to 400 nm wavelengths, while emission was
detected in a 0.5 nm step size for each excitation wavelength examined. To minimize the
effects of Raleigh scattering, fluorescence intensity was measured at offset emission and
excitation wavelengths with emission wavelengths always 20 nm greater than excitation
wavelengths. Both surface and contour plots were constructed from the fluorescence data
obtained using MATLAB® 7.0 (MathWorks Incorporated, Natick, MA).
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High Performance Liquid Chromatography/Size Exclusion Chromatography
(HPLC/SEC)
The filtered Ogeechee River samples were analyzed using HPLC/SEC techniques
to better quantify the organic matter in each sample. HPLC/SEC uses high pressure to
circulate a sample through a system and into a column. The column is composed of a
porous media, with each pore being similar in size and shape. As the sample continues
through the column, the material can interact with the porous silica of the column. Large
material will not be able to penetrate the small pores of the column and thus will be
eluted quickly, resulting in shorter retention times. Smaller molecules will interact with
the column, resulting in longer elution, and thus longer retention times. A chromatogram
is produced which correlates absorbance to specific retention times. Through the use of
standards with known retention times and molecular weights, the weight-average MW
(MWw), number-average MW (MWn), and polydispersity (ρ) values can be calculated.
Due to the fact that HPLC/SEC is a non-destructive, relatively fast technique,
requiring little pretreatment of the sample, it has become widely popular for the
determination of apparent molecular weights for organic matter (Chin and Gschwend
1991; Rausa et al. 1991; Peuravuori and Pihlaja 1997). For a mixture of organic
molecules, the molecular weight distribution can be explained by a number of
parameters, including weight-average molecule weight (MWw), number-average
molecular weight (MWn), and polydispersity (ρ). Each of these values describes a
different aspect of the organic matter size distribution and can be calculated using the
following equations (Chin and Gschwend 1991).
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(3.2)

i =1

MW w
MWn

(3.3)

(3.4)

where hi is the height of the sample SEC curve eluted at “i” volume (Yau et al. 1979).
Polydispersity describes the heterogeneity of the molecules in the mixture. When ρ = 1,
the MWw and MWn will be equal; if ρ > 1, then the molecules in the mixture are not
homogeneous and represent a range of molecular weights.
The HPLC/SEC system used was composed of a Dionex DX 500
Chromatography System (Dionex, Sunnyvale, CA). It is equipped with a PDA-100
Photodiode Array Detector and a Dionex AS-50 Autosampler. A YMC-Pack Diol-120,
8.0 (id) x 300 mm column was used for all organic matter separations and
characterizations. An SEC buffer was prepared and used as the mobile phase throughout
all chromatography analyses. The eluent contained sodium chloride (NaCl) and
monobasic and dibasic sodium phosphate (NaH2PO4 and Na2HPO4, respectively). The
eluent was prepared to maintain a pH range between 6.8-7.0 as well as a high ionic
strength (I = 0.1 M), and was vacuum filtered through a preconditioned 0.45 µm

73

Millipore PTFE membrane filter to prevent particle interference. Following filtration, the
buffer was allowed to degas with helium for 30 minutes prior to use in the
chromatography system.
Estimation of Reduced Sulfur Sites in Association with DOM

Although the characteristics discussed above are important for assessing the role
DOM plays in aquatic systems, other properties of DOM are also important when
determining metal complexation to organic matter. One property in particular vital to the
understanding of metal-DOM complexation is the abundance and concentration of
functional moieties. Reactive functional groups associated with DOM include
carboxylic, phenolic, and sulfur-reducing ligands. Of these, the reduced sulfur and
oxygen-containing functional groups are most important to Hg binding. Although
oxygen-containing functional groups comprise approximately 90% of ligands on NOM,
Hg binds more strongly to the thiol and reduced sulfur groups, although they comprise
only between 0.5-2% of the reactive groups on NOM (Benoit et al. 2001; Haitzer et al.
2002; Ravichandran 2004). Mercury will bind secondarily to oxygen-containing moieties
after the sulfur sites have been complexed, however, the stability constants for the two
types of functional groups vary from 104.7-10.4 for mercury complexation to oxygen
functional groups to 1018.4-30 for mercury bound to sulfur moieties (Ravichandran 2004).
Reported binding constants from the literature (log K) as well as specific site
characteristics measured on the Ogeechee River samples were added into Visual
MINTEQ (Gustafsson 2000), a chemical equilibrium program, in order to determine
accurate mercury concentrations for toxicity tests.
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Results and Discussion
Chemical Analysis of Samples

The results of the chemical analysis of the Ogeechee River sites are reported in
Table 4 and show that, although the entire length of the river was sampled, the values
measured (e.g., pH, alkalinity, hardness, DO, and conductivity) do not vary widely
among the seven sites. The pH values are highest in the headwaters and tend to decrease
downstream. The alkalinity values ranged from 24 to 34 mg/L as CaCO3 in the seven
sites and correlate well to other research conducted on the Ogeechee River (Ryan 2005).
Hardness titrations revealed a larger range of values, between 20 and 36 mg/L as CaCO3,
and are consistent with rivers having moderately hard waters and other blackwater rivers
in the southern United States (Sun et al. 1997). Dissolved oxygen and conductivity
values were also measured within a narrow range, between 10.1-15.9 mg/L and 74-96 µS,
respectively.

Table 4. Results from the analysis of each site for specific chemical parameters,
including pH, Hardness, Alkalinity and Conductivity.

Site
#

1
2
3
4
5
6
7

pH

Hardness
(as mg/L
CaCO3)

Alkalinity
(as mg/L
CaCO3)

Conductivity
(µS)

7.08
7.19
7.27
6.78
6.74
6.74
6.66

28
20
24
34
36
32
30

32
26
28
28
34
30
24

93
79
74
84
94
95
96
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The AES-ICP analysis yielded concentrations of many cations in the samples, as
shown in the tables below. Table 5 depicts the results for the unfiltered samples while
the filtered sample results are given in Table 6. Cations in the highest measured
concentrations include, Ca2+, Mg2+, and Na+, which all contribute to hardness in natural
waters. The concentrations of many cations, including the metals Cu2+ and Zn2+, are
below the detection limits of the instrument. This not only reveals that metal
contamination is relatively low in the Ogeechee River, but also strengthens the
hypothesis that any mortality observed during the toxicity experiments will be the result
of mercury additions and not additive toxicity from metals already in association with
Ogeechee River DOM.
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Table 5. Results of the AES-ICP analysis of the Ogeechee River unfiltered water samples. All values are reported in mg/L
(ppm). * Values observed were below detection limits for each cation measured.
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Unfiltered
Sample

P

K

Ca

Mg

Site # 1

0.0231*

1.891

7.29

2.512

Site # 2

0.0025*

1.583

5.05

2.2

Site # 3

0.0268*

1.104

9.94

1.29

Site # 4

0.0172*

1.354

10.03

Site # 5

0.0265*

1.605

Site # 6

0.0324

Site # 7

0.0624

Zn

Mn

Fe

S

Na

B

Al

0.0002* 0.0001*

0.02

0.897

0.94

8.58

0.01

0.1042

0.0008* 0.0009*

0.0176

1.155

0.818

6.56

0.0117

0.1486

0.0017*

0.011

1.612

0.3633

2.864

0.0124

0.3331

1.691

0.0007* 0.0001*

0.0194

1.516

0.654

3.877

0.0111

0.3669

12.36

1.974

0.0016* 0.0001*

0.0109

1.337

0.734

5.06

0.0141

0.3355

1.647

10.85

1.977

0.0027

0.0008*

0.0116

1.429

0.949

5.53

0.0124

0.3256

1.799

9.56

2.121

0.002

0*

0.0089

1.3

1.015

6.18

0.0156

0.4222

0*

Cu

Table 6. Results of the AES-ICP analysis of the Ogeechee River filtered water samples. All values are reported in mg/L
(ppm). * Values observed were below detection limits for each cation measured.
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Filtered
Sample

P

K

Ca

Mg

Zn

Cu

Mn

Fe

S

Na

B

Al

Site # 1

0.0181*

1.959

7.2

2.534

0.0027

0.0002*

0.1027

0.723

1.041

8.85

0.008

0.0398

Site # 2

0.0254*

2.022

4.975

2.184

0.0093

0.0025

0.0824

0.878

0.826

8.04

0.0076

0.0581

Site # 3

0.0331

1.234

9.77

1.274

0.0066

0.0006*

0.0883

0.975

0.4613

3.912

0.0098

0.1286

Site # 4

0.0043*

1.437

10.14

1.714

0.0051

0.0012*

0.0537

1.221

0.734

4.459

0.011

0.1772

Site # 5

0.0258*

1.688

12.37

1.934

0.112

0.0007*

0.0679

1.218

0.848

5.27

0.0125

0.227

Site # 6

0.0478

1.722

10.79

1.96

0.0095

0.0001*

0.0573

1.34

1.143

5.77

0.0121

0.2314

Site # 7

0.102

1.936

9.42

2.137

0.0086

0.0011

0.014

1.146

1.247

7.79

0.0328

0.2543

Characterization of DOM
Absorbance

The absorbance spectra for the seven filtered sites are shown in Figure 4. All of
the sites exhibit the same general spectra shape; any differences in the spectra can be
attributed to increasing DOM concentrations as the sites continue downstream. The
absorbances of the unfiltered sites, although not shown, are similar in both shape and
absorbance to the filtered sites. The absorbance values at a wavelength equal to 254 nm
and reported in Table 7, were subsequently used to calculate SUVA values. The filtration
procedure performed on the samples had an effect on the absorbance values; the values
were higher in all unfiltered samples, possibly due to the presence of particulates.

1.2
1

Absorbance

Site # 1
Site # 2

0.8

Site # 3
0.6

Site # 4
Site # 5

0.4

Site # 6
Site # 7

0.2
0
190

290
254 nm

390

490

590

Wavelength (nm)

Figure 4. Absorbance spectra for the filtered Ogeechee River sites.
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Table 7. Absorbance values of both unfiltered and filtered Ogeechee River sites at 254
nm for the calculation of SUVA values.

Site #

1
2
3
4
5
6
7

Absorbance at 254 nm (in AU)
Unfiltered Ogeechee
Filtered Ogeechee
River samples
River samples

0.1547
0.2108
0.3758
0.3277
0.4078
0.4661
0.5028

0.1211
0.2101
0.2635
0.2978
0.3766
0.4314
0.4725

TOC

As observed in Figure 5, the organic carbon concentrations for both the unfiltered
and filtered samples, increase with increasing distance downstream. The filtered
concentrations range from approximately 4 mg C/L at Site # 1 to almost 9 mg C/L at Site
# 7. This is not significantly different from the measured organic carbon values on the
unfiltered site water samples, leading to the conclusion that the filtration step did not
affect the dissolved organic carbon concentration values. These results are consistent
with the color of the samples upon collection- the farther downstream the samples were
collected, the more darkly colored the water. The measured TOC values are consistent
with other research performed on the Ogeechee River (Ryan 2005).
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A linear relationship was observed between organic carbon concentration and the
increased distance of the site downstream; as distance downstream increased, the organic
carbon concentration increased as well. Sabater et al. (1993) found a similar correlation
when DOC was examined spatially using 12 sites that spanned the entire length of the
river. Their research concluded that a longitudinal pattern existed for DOC
concentration, which was a linear function of the geographic distance along the Ogeechee
River.

10

Carbon concentration

9
8
7
6
unfiltered

5

filtered

4
3
2
1
0
Site # 1

Site # 2

Site # 3

Site # 4

Site # 5

Site # 6

Site # 7

Site

Figure 5. Measured TOC values for the seven Ogeechee River sites.

SUVA values were calculated from the measured absorbance at a wavelength
equal to 254 nm divided by the TOC concentration; these values are shown in Figure 6
for both the unfiltered and filtered Ogeechee River sites. SUVA values were slightly
larger for the unfiltered sites (3.3-7.44) than the filtered sites (4.05-5.43); however, the
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observed differences were not significant. The values measured in this study are in good
agreement with values obtained by Ryan (2005) with Ogeechee River DOM concentrated
by reverse osmosis (RO) on the same seven sampling sites. SUVA values calculated in
the study conducted by Ryan ranged from 3.93-4.34; however, the concentrated DOM
obtained using RO was dissolved into laboratory water and is therefore not identical in
anion and cation concentrations as the original source water used in the current study.

8
7

SUVA

6
5
unfiltered

4

filtered

3
2
1
0
Site # 1

Site # 2

Site # 3

Site # 4

Site # 5

Site # 6

Site # 7

Sites

Figure 6. Calculated SUVA values for unfiltered and filtered Ogeechee River sites.

Fluorescence

The seven Ogeechee River sites showed similar fluorescence properties when
their spectra were compared- broad emission spectra that were synonymous with a
continuum of organic molecules. All EEMs exhibited fairly broad spectra with peals at
different excitation and emission wavelengths. Figure 7 shows a representative example
of both the (a) surface plot and (b) contour plot for Site # 1. All seven sites showed
similar peak fluorescence for DOM, with excitation wavelengths between 330-350 nm
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and emission wavelengths from 425-440 nm. Peak excitation and emission wavelengths
for each site sample are summarized in Table 8.
Chen et al. ( 2003) separated organic matter from various sources into five distinct
regions, each representing different classes of fluorophores found within the samples.
Regions I and II were defined by peaks at shorter excitation (< 250 nm) and emission
(< 350 nm) wavelengths and corresponded to aromatic acids and simple proteins (Ahmad
and Reynolds 1999). Fulvic acids, classified by shorter excitation wavelengths (< 250
nm) and longer emission wavelengths (> 350 nm), were placed into Region III (Artinger
et al. 2000). Region IV was defined by peaks occurring at intermediate excitation
wavelengths (250-280 nm) and shorter emission wavelengths (< 350 nm), corresponding
to soluble microbial by-product material (Reynolds and Ahmad 1997). Finally, longer
excitation and emission wavelength peaks (> 280 nm and > 380 nm, respectively) were
attributed to organic species comprised of humic acids (Region V) (Artinger et al. 2000).
Peak excitation and emission wavelengths for the Ogeechee River samples
correspond to the hydrophobic humic acid fraction of DOM (Region V). This fraction
contains humic acids derived from both marine and terrestrial sources, as well as model
humic acid polymers. This classification system has been used by other researchers to
characterize the fluorophores inherent in DOM (Coble 1996).
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Figure 7. Excitation-emission matrix (EEM) spectra showing the fluorescence intensity
results for Ogeechee Site # 1 using two different views (A) a surface plot and (B) a
contour plot.
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Table 8. Peak fluorescence excitation and emission wavelengths (in nm) for Ogeechee
River DOM characterized by EEM fluorescence spectroscopy.

Site #

Peak Fluorescence
Excitation
Wavelength (nm)

Peak Fluorescence
Emission
Wavelength (nm)

1
2
3
4
5
6
7

330
340
340
330
340
350
350

425
425
430
435
430
435
440

High Performance Liquid Chromatography/Size Exclusion Chromatography
(HPLC/SEC)

The shape of the DOM chromatograms for each Ogeechee River site sampled are
shown in Figure 8. All sites display the same relative shape- a broad peak exhibiting a
normal distribution with sloping shoulders and smaller peaks; the only differences lie in
the increasing DOC concentration as distance increases downstream. The majority of the
organic matter eluted from the SEC column between 6 and 14 minutes, which
corresponds to a molecular weight of 8,000 Daltons or less (obtained from the analysis of
the PSS standards). This is corroborated by the MWw results, which range from 4281 to
7752 Daltons, with the lowest molecular weight being observed at Site # 4 and the
highest at Site # 3 (Table 9). No conclusive trends are observed in the MWw data,
suggesting that the weight-averaged molecular weight is variable from site to site.
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Figure 8. Results of the HPLC/SEC analysis of the DOM found at seven sites on the
Ogeechee River.

The weight-average molecular weight of a sample is dependent on the mass of the
organic matter rather than on its colligative properties. When compared with the
equation for MWn (Equation 3.3), it can be seen that for MWw, the mass sum rather than
the mole sum is used in the calculations. This makes MWw the most useful of the three
measurements acquired by HPLC/SEC because it takes into account different sized
chains, end groups, and the contributions of each to the overall behavior of the sample.
The number-average molecular weight of a sample is defined as the total weight
of the sample divided by the number of molecules in that sample. Therefore, in this
calculation, each chain contributes equally to the number-average molecular weight, and
an average value is obtained. Although not as descriptive as MWw in the determination
of sample composition, it is required for the calculation of the polydispersity value.
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The results from the number-averaged molecular weight analysis of the Ogeechee
River DOM are given in Table 9. These calculated values were between 920 Daltons
(Site # 4) and 1653 Daltons (Site # 7) and seem to correspond to the MWw; if the
calculated MWw was small, then so too was the MWn. Although there is no consistent
trend observed in the values, the MWn show a slight increase with increasing distance
downstream.
Polydispersity describes the heterogeneity in a sample. A polydispersity value
equal to one shows homogeneity among the sample; therefore, the samples does not
exhibit much variation and all the molecules comprising that samples are relatively
similar in size and reactivity. Humic acids are generally the most highly disperse and
heterogeneous type of organic matter and should thus have larger ρ values than fulvic
acids.
The seven Ogeechee River sites show a decrease in polydispersity values with an
increase in site distance downstream. The values range from a high of 5.23 at Site # 1 to a
low of 4.39 at Site # 7, as shown in Table 9. This suggests that the DOM is very different
as it enters the river; however, as it moves from the headwaters to the mouth, the DOM
becomes more similar.
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Table 9. Weight-average molecular weight (MWw), number-average molecular weight
(MWn) and polydispersity (ρ) values determined by HPLC/SEC analysis of the seven
sampled sites on the Ogeechee River.

Site

1
2
3
4
5
6
7

MWw
(Daltons)
5125
6085
7750
4280
7080
7645
7250

MWn
(Daltons)
980
1205
1620
920
1570
1720
1655

Polydispersity
(ρ)
5.23
5.04
4.78
4.65
4.50
4.44
4.39

A strong correlation was observed between the molecular weight distributions
and the Ogeechee River DOM samples. All of the sites exhibited relatively similar
distributions, following the pattern (from highest percentage to lowest percentage):1-3 K,
0.5-1 K, < 0.5 K, 12-30 K, 3-6 K, 6-12 K, and > 30 K. It is important to note that
approximately 90% of the organic matter present in all sites was < 3 K in size, with 60%
of that residing between 1-3 K. Another interesting point lies in the fact that 8% of the
molecules in Site # 1 reside within the > 30K distribution. This lends support to the
hypothesis that, although the molecules have larger molecular weights upon entering the
river, as they move downstream, the molecules are being degraded, becoming smaller in
size. Sun et al. (1997) observed this change in molecular weight and correlated it to a
decrease in bioavailability. In their work this was attributed to a diagenetic alteration of
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the organic matter by microorganisms as it moved downstream, changing the percentage

Percent within Molecular Weight Range
(%)

of aliphatic carbon in the river.
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Figure 9. Molecular weight distributions (expressed in percentages) of the seven
Ogeechee River DOM sites.

It has been shown by numerous investigators that mercury preferentially binds to
the reduced sulfur groups in association with DOM (Benoit et al. 2001; Haitzer et al.
2002; Ravichandran 2004). Therefore, it was imperative to estimate the concentration of
reduced sulfur sites at each sampled location, to accurately calculate mercury additions to
the site water for toxicity tests.
Atomic Absorption-Inductively coupled plasma (AA-ICP) analysis provided a
sulfate (SO42-) concentration for the Ogeechee River sites. Using these values, coupled
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with the concentration of total sulfur in each site measured through ion analysis, reduced
sulfur concentrations were calculated and included the percentage of sulfur in the organic
matter. These results are given below in Table 10 and were included in the equilibrium
chemical speciation model to predict mercury complexation to the Ogeechee River DOM
and show that a wide variation in sulfur concentrations were observed among the seven
Ogeechee River site waters.

Table 10. Determination of the reduced sulfur sites associated with Ogeechee River
DOM.

Site #
1
2
3
4
5
6
7

[Total S]
(mg/L)

[SO42-]
(mg/L)

Reduced
Sulfur
(mg/L)

% of S in
DOM

2.158
1.929
0.821
1.232
1.743
2.004
2.121

1.041
0.826
0.4613
0.743
0.848
1.143
1.247

0.3206
0.1821
0.1872
0.3318
0.2662
0.4741
0.5390

8.984
5.615
4.251
4.992
4.234
6.504
6.560

Incorporation of DOM Properties into a Chemical Speciation Equilibrium Model
for the Determination of Accurate Mercury Concentrations for Toxicity Tests

Visual MINTEQ predictions using the measured parameters determined from the
Ogeechee River show that at mercury concentrations of approximately 10 ug/L, greater
than 99% of the added mercury will be complexed to the DOM. At these mercury
concentrations a relatively small concentration of mercury remains free in solution (on
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the order of 10-9 M). The predicted complexed and free mercury concentrations for each
site are shown in Figure 10. It is important to note that the results obtained using Visual
MINTEQ are only relevant for the Ogeechee DOM and related parameters and that these

28
26
24
22
20
18
16
14
12
10
8
6
4
2
0

4.50E-09

1

4.00E-09
3.50E-09
3.00E-09

2

3

2.50E-09

4
5

6

2.00E-09

7

1.50E-09
1.00E-09
5.00E-10

VisualMINTEQ Predicted
Free [Hg(II)] (ug/L)

VisualMINTEQ Predicted
Complexed [Hg(II)] (ug/L)

values cannot be extrapolated to other DOM sources.

MINTEQ
Predicted Bound
[Hg(II)] (ug/L)

MINTEQ
Predicted Free
[Hg(II)] (ug/L)

0.00E+00
3.569 5.182 5.663 5.847 7.272 7.947 8.965

[DOC] (mg/L) at Sites

Figure 10. Visual MINTEQ predicted complexed and free mercury concentrations for
the Ogeechee River sampled sites.

Conclusions

Specific physiochemical properties of DOM have been shown to account for the
reactivity of these molecules in aquatic environments. Due to the fact that organic matter
reactivity changes from source to source, it is thus important to have characterization
profiles for each type of DOM sampled. Results from the characterization of the
Ogeechee River DOM shows that the majority of the parameters are consistent among the
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seven sampled sites. Differences are observed in the polydispersity values, which show a
trend toward smaller values as the distance downstream increases and the molecular
weight distribution, which also show a trend toward smaller molecular weights as the
organic matter moves downstream. These differences have been linked to degradation by
microbial communities residing within the river system.
These physiochemical parameters can be incorporated into chemical equilibrium
speciation models, to predict the behavior of the DOM in the presence of contaminants.
In this study, the results from the analyses were used to accurately predict mercury
complexation concentrations for toxicity tests using the Ogeechee River site water. In the
subsequent chapter, the complexation of mercury to DOM will be assessed through a
series of toxicity experiments to determine whether chemical equilibrium models are
accurate predictors of mercury-DOM complexation.
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CHAPTER 4
EVALUATING THE ROLE OF MERCURY-DOM COMPLEXATION TO THE
TOXICITY OF CERIODAPHNIA DUBIA

Introduction

Mercury is a contaminant of increasing importance in many aquatic
environments, due to its participation in global biogeochemical cycles and its persistence
in the environment. These factors have contributed to higher than ambient concentrations
of mercury being detected in numerous natural systems. Recent research has shown a
link between increasing mercury concentrations and toxicity in bodies of water (Gilmour
et al. 1998; Castro et al. 2002; Evans et al. 2005); however, little research has focused on
quantifying this relationship or determining how other physiochemical properties in water
bodies can affect toxicity.
The speciation, and indirectly the toxicity, of mercury in general can be controlled
by numerous physiochemical factors, most notably pH, oxidation-reduction potential, and
the presence of complexing ligands in the water column. Organic mercury species have
been shown to be absorbed across the gut of fish to be bioaccumulated in muscle tissue,
an effect that can be magnified in higher trophic levels (Wiener and Spry 1995; Watras et
al. 1998). Inorganic mercury, on the other hand, is less efficiently absorbed and,
although not bioaccumulated and more rapidly eliminated, it is the form of mercury most
often present in natural waters for uptake by organisms (Wiener and Spry 1995; Watras et
al. 1998; Klinck et al. 2005).
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In order for a toxic response to be observed in an organism, a toxicant has to be
taken up by an organism and reach a specific site to illicit a response. For freshwater fish
species, the site of action for metals is often considered to be a disruption in ion
regulation at the gill surface (Niyogi and Wood 2004). This occurs when cationic metals
are taken up inadvertently by processes designed only for specific essential cations (i.e.,
Cu2+ is taken up instead of Na+), disrupting normal ionoregulation functions. Jagoe et al.
(1996) and Andres et al. (2002) have proposed that inorganic mercury disrupts sodium
regulation by interrupting the activity of Na+K+ ATPases in the gills, similar to copper.
Other cations normally found in natural waters provide protection for the gill against the
build up of toxic metals by competing with these metals for binding sites at the surface of
the gill; however, the increase of inorganic mercury in ion-poor waters has led to
alterations to the gill structure (Jagoe et al. 1996) and olfactory epithelial cells (de
Oliveira Ribeiro et al. 2002).
DOM is known to form strong complexes with metals, including both organic and
inorganic mercury species, reducing the concentration of labile metal available for
binding to these organismal sites, and ultimately, toxicity. Studies assessing the role of
mercury concentration on fish always identify DOM as an important variable
(Amirbahman et al. 2002); however, conflicting reports have been produced concerning
the nature of this interaction. A positive correlation between DOM and metals has been
reported by numerous investigators (Lindberg and Harriss 1974; Meili et al. 1991; Mierle
and Ingram 1991; Driscoll et al. 1995; Watras et al. 1995; Morel et al. 1998; Kolka et al.
1999), while other research has shown that DOM increases the solubility and mobility of
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metals, which can have an adverse effect on toxicity (Rashid 1972; Rashid and Leonard
1973; McBride 1989). However, although mercury has been termed a “metal of concern”
and complexation to DOM may impact toxicity, little research thus far has focused on
quantifying this relationship.
Research examining mercury-DOM toxicity has primarily focused on studies
using reference material as the organic matter source. Alberts et al. (2000) studied the
influence of standard and reference materials on both copper and mercury toxicity to a
marine bacterium (Vibrio fischeri). Four fulvic and six humic acid samples derived from
various sources and obtained from the International Humic Substance Society (IHSS),
were chosen due to their well characterized isolation procedures and chemical properties.
Results from this study concluded that soil fulvic acids were significantly less effective at
reducing mercury toxicity than copper toxicity. Humic acid samples, in contrast, were
much more effective at reducing copper toxicity, regardless of the source; however, both
aquatic humic and fulvic acids showed a similar reduction in mercury toxicity. This
reduction was independent of the type of organic matter used or area from which it was
derived. The researchers examined many physiochemical properties to explain these
findings, but found no correlation between the reduction in metal toxicity and properties
of the reference material, including the C/N ratio, metal binding capacity, and carboxyl
content.
In another study, the influence of water chemistry and natural organic matter
(NOM) on both the active and passive uptake of inorganic mercury by the gills of
rainbow trout (Oncorhynchus mykiss) was assessed (Klinck et al. 2005).
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Although additions of NOM decreased mercury binding by trout gills, small
concentrations of cations such as K+, Na+, and Cl- appeared to interfere with this effect.
This was hypothesized to be due to competition from these cations at the site of action in
the organism, resulting in a higher concentration of free mercury in solution. The
addition of strong mercury complexing agents (i.e., EDTA, NTA, ethylenediamine, and
cysteine) also decreased mercury binding to the gills in a dose-dependent manner and
allowed a conditional stability constant for mercury bound to both the gills and NOM to
be calculated as log K = 18.0. These values are important for the determination of metal
binding strengths. If a metal has a stronger affinity for the biological ligand than for
DOM, the metal will complex to the site on the organism, causing toxicity. The
quantification of these values is imperative to the eventual incorporation of mercury into
predictive models such as the Biotic Ligand Model (BLM).
The BLM, originally proposed by Pagenkopf (1983), is a conceptual framework
used to correlate toxicity to aqueous metal concentrations. Using this model, acute
toxicity can be described as the accumulation of the metal at the ligand site of an
organism. Through identification of the specific site of action and estimation of the
accumulated concentration of the metal at this site, a chemical model can be implemented
to explain metal complexation to the biotic ligand site. Once a threshold concentration at
the biotic ligand is reached, toxic effects will be observed (Di Toro et al. 2001; Santore et
al. 2001).
Biotic Ligand Models have been developed for a variety of metals, including
copper (Winner 1985; Welsh et al. 2000; De Schamphelaere and Janssen 2002;
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Bossuyt et al. 2004; Sciera et al. 2004; Van Genderen et al. 2005), silver (Janes and
Playle 1995; Hogstrand and Wood 1998; Wood et al. 1999; McGeer et al. 2000), and zinc
(Martell 1975; De Schamphelaere et al. 2004) with widespread success; however, the
incorporation of mercury into the BLM has been problematic, due to the fact that results
for mercury toxicity in the presence of DOM are relatively limited. Therefore, more
research needs to be conducted on quantifying the influence of DOM on mercury toxicity
to aquatic organisms. The overall objective of this chapter was to quantify mercury
toxicity to Ceriodaphnia dubia in the presence of DOM using water samples collected
from the Ogeechee River in Georgia. This larger objective was accomplished through the
completion of more specific goals:
(1)

To examine DOM samples collected from various sites on the same
river to complex mercury, reducing the bioavailability and toxicity of
the free mercury fraction to an aquatic cladoceran;

(2)

To elucidate differences in mercury complexation to individual size
fractions of DOM and to quantify the resulting toxicity;

(3)

To compare results obtained using Ogeechee River DOM to
Suwannee River DOM isolate to better understand differences in
complexation between copper and mercury; and,

(4)

To determine mercury binding constants (expressed as log K values)
using independent measurements of fluorescence quenching.
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Experimental Design
Maintenance of Culture

Ceriodaphnia dubia, an aquatic cladoceran species, were used as test organisms
in all experiments, due to their sensitivity, wide natural habitat (including the waters
tested in this study), and use as an Environmental Protection Agency (EPA) standard
testing organism (US EPA 2002). Organisms used in this study were offspring from a
laboratory culture maintained at the Clemson Institute of Environmental Toxicology
(CIET). The culture was maintained in moderately hard water, at a temperature of
25 ± 2 °C and a 16:8 light:dark photoperiod, following EPA methods for acute freshwater
toxicity testing (US EPA 1994). The C. dubia cultures were transferred every 24-h and
were fed a consistent diet of Selanastrum capricornutum and a mixture of fermented
yeast, cerophyll, and trout chow (YCT).
Monthly reference toxicity tests were performed throughout the duration of the
toxicity experiments to ensure that the health of the organisms in the culture remained
consistent throughout the course of toxicity testing. Both mercury and copper reference
toxicity tests were conducted, yielding LC50 values (the lethal concentration that
represents 50% mortality in organisms) of approximately 3 µg/L and 12 µg/L,
respectively.
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Determination of Metal Concentrations for Toxicity Experiments

In order to quantify metal toxicity to aquatic organisms, it was necessary to
determine accurate mercury additions for toxicity experiments. Visual MINTEQ, a
chemical equilibrium speciation program (Gustafsson 2000), was used to calculate
mercury concentrations with the help of numerous properties determined from the
characterization of the Ogeechee River DOM (Chapter 3) including cation
concentrations, pH, and the concentration of DOM present in each of the seven sample
sites. Using these parameters, Visual MINTEQ predicted that > 99% of the mercury will
be complexed to DOM, leaving less than 1% as the free metal in solution for uptake by
biota. These calculations assume that all the added mercury is complexed and does not
become available for organismal uptake.
Due to the fact that the mercury reference toxicity tests resulted in a low LC50
value of approximately 3 µg/L, the concentration range for the mercury toxicity
experiments were also low; testing concentrations ranged from between 0 and 18 µg/L
for most of the experiments using the Ogeechee River site water. In tests performed later
where higher DOM concentrations were needed, it was necessary to increase the mercury
additions to obtain dose-response curves that accurately reflected the observed mortality.
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Mercury Toxicity Tests
Ogeechee River- Whole water DOM

Toxicity tests were performed using the whole water collected from each of seven
sites along the entire length of the Ogeechee River following characterization of the
organic matter and were initiated with the less than 24-h old neonates culled daily from
the culture adults.
Standardized 48-h static toxicity tests were conducted in borosilicate glass shell
vials (Kimble Glass, Inc., Vineland, New Jersey), 6 dram, 23 x 85 mm I.D. Four
replicate vials were prepared for each testing concentration and five neonates were added
to each vial at the initiation of the experiments. Mortality was recorded at both 24- and
48-h and an LC50 value calculated based on the 48-h mortality data using a Trimmed
Spearman-Karber computer program (Hamilton et al. 1977).
Each replicate testing concentration for an experiment was made one day prior to
the initiation of a toxicity test. This was performed to allow 24-h for the DOM to
adequately complex to the mercury in solution, according to research conducted by Kim
et al. (2001), indicating that 24 hours was the appropriate time needed for full
equilibration to be reached. The influence of equilibration time on toxicity was assessed
in preliminary experiments conducted prior to the beginning of the Ogeechee River DOM
tests. During this study, 12-, 24-, and 48-h equilibration times were evaluated and results
indicated that 24-h was an adequate length of time for complexation equilibration to be
reached. During this equilibration period, the vials were covered and remained in the
testing room under similar conditions as was used during the toxicity experiments.
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Ogeechee River- Size fractionated DOM

Organic matter size may play a role in toxicity; it has been hypothesized that
smaller molecular weight organic matter may have the ability to complex more metals in
aquatic environments than larger molecular weight organic matter. Rashid (1971)
observed that smaller molecular weight fractions (< 5K) of marine humic acids
complexed approximately 2.6 times more metal than that of higher molecular weight
fractions (> 100K). This phenomenon, although hypothesized to also be true for
freshwater organic matter as well, has yet to be documented in the literature.
In order to evaluate the ability of specific size fractions of DOM to effectively
complex mercury as well as to quantify the reduction in observed toxicity, samples of the
Ogeechee River whole water from specific sites were separated using centrifuge dialysis
techniques. This technique consisted of a 60-mL centrifuge container with a specific
filter size installed (Pall Corporation, Inc., East Hills, New York). The molecular weight
filter cutoff sizes were 3K and 10K. The containers were centrifuged for 45 minutes in a
swinging bucket centrifuge at 3,000 rpm. Following centrifugation, two specific size
fractions were obtained- (1) the part less than the filter size, which fell through the filter
and was collected on the bottom of the container, and (2) the part greater than the filter
size, which was unable to penetrate the filter pores and remained on the top portion of the
container (see Figure 11). When an adequate volume of each fraction was obtained
(approximately 500 mL) the individual size fractions (i.e., < 3K and < 10K) were verified
using HPLC/SEC techniques and then used in mercury toxicity tests as previously
described.
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Toxicity Tests
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Figure 11. Schematic representation of the centrifuge dialysis procedure for size
fractionation of DOM in the Ogeechee River whole water samples.

Due to the fact that the fractionation step concentrated not only the DOM but also
the major ions in solution as well, in order to account for this, a chloride tracer was used
and monitored on all size fractionated samples. It consisted of a colorimetric
determination of the chloride concentration using mercury thiocyanate and iron
perchlorate as indicators. The absorbance of the sample was measured at a wavelength
equal to 460 nm, which was directly correlated to a chloride concentration through the
use of a previously constructed calibration curve. Following the determination of the
chloride concentration in each fractionated sample, these samples were diluted back to
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original whole water concentrations, using the AES-ICP analysis results performed on the
whole water samples previously reported in Chapter 3.
Whole water from sites # 2 and # 7 were chosen for the fractionation procedure
for a variety of reasons. First of all, sites # 2 and # 7 represented the largest DOM
concentration range of the seven sites; therefore, if a difference in complexation and thus
toxicity occurred, it would be detected within these two extreme concentrations (i.e.,
lowest and highest). Site # 6 was fractionated at a later date to provide support for the
results obtained in the other two sites. Secondly, there was a sufficient volume of whole
water available from these sites for fractionation to ensure that necessary volumes of each
individual fraction would be retained and available for toxicity testing.
Ogeechee River- pH adjusted whole water and size fractionated DOM

A change in the pH of a water body can have widespread effects on the speciation
and toxicity of metals residing within the system. When the pH is more acidic (pH < 7),
excess protons in solution can compete with metal ions for binding sites on the organic
matter, resulting in higher concentrations of free metal ion in solution available for
organism uptake (Miller and Mackay 1980; Borgmann and Ralph 1983). If the pH is
increased above 7, the speciation of the metal becomes especially important, as some
metals may precipitate out of solution as solids in more basic pH conditions. This has
been demonstrated with copper; Ryan (2005) found that at a pH = 8, solid copper species,
such as azurite (Cu3(CO3)2(OH)2), malachite (Cu2(CO3)(OH)2, and tenorite (CuO) may
precipitate out of oversaturated solutions, having an adverse effect on toxicity.
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To assess the effect of pH on the mercury complexation capacity of DOM, whole
water samples from sites # 3 and # 6 were adjusted to pH = 6 and 8, using HCl and
NaHCO3-, respectively. This change in pH was hypothesized to alter both the
protonation of the organic matter as well as the speciation of the metal, affecting the
amount of metal complexed and, ultimately, toxicity. The pH adjusted whole water
samples were used in toxicity experiments as detailed previously.
Suwannee River- Whole water DOM

In order to compare the toxicity results obtained using the Ogeechee River DOM,
Suwannee River DOM was also used in identical toxicity experiments. Collected by
reverse osmosis (RO) procedures previously described by Ritchie and Perdue (2003), the
Suwannee River DOM isolate was purchased from the International Humic Substance
Society (IHSS) in powder form. Due to the fact that the Ogeechee River samples did not
have a large DOM concentration range (see Chapter 3), the Suwannee River DOM isolate
was reconstituted in Milli-Q (18 MΩcm) water to obtain four DOM testing
concentrations- 4 mg C/L and 9 mg C/L, which corresponded to both the lowest and
highest range observed in the Ogeechee River samples, and two higher concentrations of
DOM, 20 mg C/L and 40 mg C/L, in order to accurately determine the effect higher
concentrations of DOM would have on toxicity.
Whole water toxicity experiments using the Suwannee River DOM isolate were
performed similar to those using the samples collected from the Ogeechee River.
Mortality counts were recorded at both 24- and 48-hr and LC50 values calculated using a
Trimmed Spearman-Karber method (Hamilton et al. 1977).
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Experiments with the Suwannee River isolate were conducted with both mercury
and copper; copper was included in the study as a comparison metal due to the fact that
the majority of research (including past and current research at CIET) examining the
influence of DOM on metal toxicity has focused on copper, resulting in a large literature
database for this metal (Meador 1991; Kim et al. 2001; Richards et al. 2001; Ma et al.
2002; De Schamphelaere et al. 2004). Also, copper and mercury have been shown to
complex strongly to different functional moieties on organic matter, which has the
potential to alter toxicity results. Copper strongly binds to oxygen containing functional
groups (de Oliveira et al. 1995; Wu and Tanoue 2001; Iglesias et al. 2003), while
mercury preferentially complexes to reduced sulfur sites (Haitzer et al. 2002; Lamborg et
al. 2003; Ravichandran 2004); however, although the reduced sulfur sites provide the
strongest ligand for mercury complexation, they comprise less than 2% of the reactive
sites on DOM. Mercury will, therefore, secondarily bind to oxygen ligands as well,
resulting in a bond that is not as strong (Ravichandran 2004). Therefore, by using both
metals in these toxicity experiments, a better understanding of how DOM complexation
affects metal toxicity can be achieved.
HPLC/SEC Chromatograms

The whole water and size fractionated samples from each Ogeechee River
prepared for toxicity testing were analyzed using HPLC/SEC techniques. The use of this
analysis served a dual purpose- (1) to ensure that the centrifugal filters were successful in
separating the organic matter into specific size fractions and (2) to accurately obtain
MWw values, which aid in the characterization of the organic matter. The HPLC/SEC
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method used for analysis of the samples has been detailed previously by Chin et al.
(1991) and was used in a similar manner to the characterization of the Ogeechee River
whole water samples described in Chapter 3.
The Suwannee River DOM isolate samples were also subjected to analysis using
HPLC/SEC methods. This was to ensure that the resulting chromatograms were similar
for each sample. Due to the fact that organic matter collected from the Suwannee River
is used as a standard reference material, the samples should therefore be reproducible in
nature. All chromatograms were constructed at a wavelength equal to 254 nm, which has
been shown to be the wavelength for maximum organic matter absorbance (Chin and
Gschewend 1991).
Fluorescence Quenching

In order to accurately quantify the concentration of mercury bound to DOM,
fluorescence quenching techniques were employed on the seven whole water site samples
from the Ogeechee River. Each replicate metal concentration used in the toxicity tests
were combined and an aliquot of the combined samples used in the fluorescence
quenching experiments.
Fluorescence Excitation-Emission Matrix (EEM) scans were performed on all
mercury bound Ogeechee River whole water samples tested using a PTI QuantaMaster™
Spectrofluorimeter (Photon Technologies, Inc., Lawrenceville, New Jersey). Excitation
wavelengths for all scans ranged from 200 nm-470 nm while emission wavelengths were
analyzed between 280 nm and 550 nm. Following the conclusion of the experiments, the
data was developed into fluorescence EEM curves using MATLAB® 7.0 (The Math
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Works Incorporated, Natick, Massachusetts) and the highest excitation/emission pair
(340nm/430nm) from the samples was selected, which accounted for the background
fluorescence once peak fluorescence was reached in each sample. Modeling was used to
fit each curve and conditional binding constants (expressed as log K values) were
determined using a modified Stern-Volmer equation.
Results and Discussion
Mercury Toxicity Experiments
Ogeechee River- Whole water DOM

The dose-response curves from the toxicity tests using the Ogeechee River whole
water DOM are shown in Figure 12. The graph shows that no significant difference in
toxicity was observed for the seven site waters tested. An increase in the concentration of
DOM was not accompanied by a consistent decrease in toxicity to C. dubia. LC50 values
of approximately 10 µg Hg/L were consistently observed for all individual site toxicity
tests (Table 11). Although this is a threefold reduction in toxicity from reference toxicity
tests, these results are not synonymous with copper toxicity research performed on the
same Ogeechee River sites. In studies performed by Ryan (2005) the concentration of
DOM was directly correlated to copper toxicity; therefore, toxicity was consistently
decreased with increasing concentrations of DOM. These results lend support to the
hypothesis that mercury and copper behave differently with respect to DOM
complexation.
Due to the fact that oxygen-containing functional groups are the most prevalent
ligand found in association with DOM, comprising up to 80% of the reactive moieties
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(Leenheer and Crouè 2003), copper ions will have numerous ligand sites with which to
bind. Because this complexation is strong, a low concentration of the metal is free in
solution and available for uptake by organisms. Mercury on the other hand, complexes to
the reduced sulfur ligand sites. Although this bond is extremely strong (log K= 18-32),
there is not an abundance of reduced sulfur sites available on DOM for complexation;
therefore, mercury will secondarily complex to functional moieties containing oxygen,
which have a much lower complexation constant (log K= 4.7-10.4) (Ravichandran 2004).
It is therefore likely that mercury bound weakly to these oxygen ligands may still be
available for uptake by organisms, if the biotic ligand has a stronger capacity for mercury
than the oxygen ligand on DOM. If this is true, the metal could potentially dissociate
from the DOM molecule and complex to the biotic ligand, exposing the organism to
much higher concentrations of mercury than copper in similar aqueous systems, due
primarily to differences in binding strengths between the two metals and DOM.
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Figure 12. Mercury toxicity results for the seven Ogeechee River whole water sites.
Note that there is no significant difference in toxicity observed between the sites.
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Table 11. Measured and calculated toxicity parameters for the seven Ogeechee River
sample sites.

Site

[DOC]
(mg/L)

Observed LC50
(µg Hg/L)

95% Confidence Interval
(µg Hg/L)

1
2
3
4
5
6
7

3.569
5.182
5.663
5.847
7.272
7.947
8.965

9.07
8.52
9.25
10.08
9.93
11.55
10.03

7.78-10.58
6.93-10.47
7.82-10.94
8.75-11.61
8.48-11.63
10.02-13.31
8.66-11.63

Ogeechee River- Size fractionated DOM

The HPLC/SEC chromatograms from each site revealed that the centrifuge
dialysis procedure was successful in separating the DOM from the whole water into two
distinct fractions. This is shown in Figure 13 using Site # 7 as a general example for the
chromatograms from all fractionated sites. Of the two fractions obtained from the 3K
filter separation, the > 3K fraction has a much smaller amount of organic matter than the
< 3K fraction. This shows that the size of the organic matter is not equally distributed by
the centrifuge dialysis procedure and that the fractionation step resulted in more
molecules residing in the smaller molecular weight range.
The results from the analysis of the HPLC/SEC chromatograms show that the
MWw for each of the fractionated sites is within the range of the filter cutoff. For
example, the < 3K fraction has a MWw less than 3000 and the < 10K fraction has a MWw
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less than 10,000. These MWw values are given in Table 12 accompanied by toxicity
results from the individual fraction toxicity experiments.
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Figure 13. HPLC/SEC chromatograms of Site # 7 showing (A) the whole water and (B)
the individual fractions following the centrifuge dialysis procedure. The sample in (B)
was passed through a 3K filter, resulting in two separate fractions, < 3K and > 3K. The
< 3K fraction obtained through this procedure was used in mercury toxicity experiments.
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Mercury toxicity using the individual size fractions show no significant difference
in the LC50 values among either the individual size fractions or between the sites. An
LC50 value of approximately 6 µg Hg/L was consistently obtained in all the size fraction
tests examined, which again was independent of initial DOM concentration. The doseresponse curves for each size fraction are shown in Figure 14 and the results summarized
in Table 12.
Although the toxicity of mercury was reduced by approximately two times that of
reference toxicity results, the results show no difference in a specific fraction’s ability to
complex mercury. This 2-fold toxicity reduction is less than which was observed with
the whole water experiments, which yielded and approximatev3x reduction in toxicity.
One explanation for the above results is that, although the initial concentration of the
DOM was equivalent to the whole water site, as centrifuge dialysis occurred, the DOM
was separated, resulting in a lower overall concentration of DOM each fractionated part
as compared to the whole water samples. Also during the fractionation step, the DOM
was not separated equally, resulting in different concentrations for each individual
fraction; however, this unequal separation did not seem to have an effect on the ability of
the DOM to complex mercury, as the binding was similar across all fractions tested. It is
important to note, however, that although no significant difference in toxicity was
observed in the fractionated experiments, a trend in mortality was observed, which
followed increased distance downstream in the order Site # 3 > Site # 6 > Site # 7.
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Figure 14. Dose-response curves for the mercury toxicity experiments using Ogeechee
River size fractionated DOM showing (A) the < 3K fraction and (B) the
< 10K fraction.
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Although the results of the individual size fraction toxicity experiments showed
that DOM concentration did not play a role in metal complexation, yielding similar LC50
values between sites, upon closer examination it appears that the concentration of DOM
does appear to be somewhat correlated with toxicity in these experiments. In both the
< 3K and < 10K size fractions results (Figure 14), the toxicity to C. dubia (expressed as
percent mortality) decreased with an increase in distance downstream. For example, in
the < 10K fraction results, at 6 µg Hg/L, the highest mortality (approximately 55%) was
observed in the Site # 2 fraction, while the lowest mortality (approximately 15%)
occurred in the site with the highest DOM concentration (Site # 7). Therefore, although
the calculated LC50 values do not allude to differences in DOM concentration having an
effect on toxicity, upon closer examination, it appears to play a small role in ameliorating
toxic effects. More significant differences may be observed in the range of DOM
concentrations examined were increased.
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Table 12. Differences in MWw from the HPLC/SEC analysis and the accompanying
LC50 values from the mercury toxicity experiments of the individual size fractions.

LC50 (µg Hg/L)
(95% CI)

MWw
Whole
water

< 3K
fraction

< 10K
fraction

Site # 2

6084

1700

5642

Site # 6

7644

2455

6118

Site # 7

7250

2800

5965

< 3K fraction

< 10K fraction

6.52
(5.06-8.39)
5.86
(4.99-6.87)
5.88
(4.98-6.90)

5.36
(4.66-6.17)
6.77
(6.20-7.39)
5.87
(5.11-6.75)

Ogeechee River- pH adjusted whole water DOM

The dose response curves resulting from the pH adjusted Ogeechee River whole
water samples are shown in Figure 15. In both adjusted pH sites examined, the LC50
values differ between the sites. At a pH = 6, the toxicity of mercury at Site # 6 is reduced
twofold more than at Site # 3. Due to the fact that the concentration of DOM is greater at
Site # 6 than Site # 3, the DOM concentration appears to have an effect on toxicity at
pH = 6. Also, because more protons are available in solution to compete for binding sites
at pH = 6, the higher DOM concentration in the sites downstream allow more metal
complexation to occur, reducing toxicity to a larger degree.
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Figure 15. Dose response curves for the pH adjusted whole water samples from
Ogeechee River Sites # 3 and # 6. (A) Whole water adjusted to pH = 6 and (B) whole
water adjusted to pH = 8.
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A difference in toxicity was also observed between the two sites at pH = 8,
although not to such a large degree. The LC50 value for the toxicity of mercury at
Site # 3 was 6.71 µg Hg/L, while the value calculated at Site # 6 was 8.53 µg Hg/L. As
can be seen from the dose response curves at both pH values, the concentration of DOM
plays a large role in the complexation, and thus toxicity, of mercury. In both examples,
the percent mortality is higher at Site # 3, which has a lower DOM concentration than
Site # 6. The LC50 values for each of the pH adjusted experiments, accompanied by the
corresponding 95% Confidence Intervals are given in Table 13.

Table 13. Summary of the LC50 values and accompanying 95% Confidence Interval for
the pH adjusted whole water sites from the Ogeechee River.

pH = 6

Site # 3
Site # 6

LC50 (µg Hg/L)

95% Confidence Interval
(µg Hg/L)

3.78
7.49

2.60-5.49
6.30-8.91

6.71
8.53

5.37-8.38
7.43-9.79

pH = 8

Site # 3
Site # 6
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Suwannee River- Whole water DOM

The Suwannee River DOM isolate purchased from the IHSS was used for
comparison to results obtained using the DOM collected from the Ogeechee River. Due
to the fact that the toxicity of mercury was reduced by similar amounts in the Ogeechee
River whole water samples, it was determined that perhaps the ameliorative effect of
DOM on mercury toxicity was not being observed due to limitations in the DOM
concentration range of the Ogeechee River samples. The Suwannee River DOM isolate,
therefore, was used so that higher DOM concentrations could be examined for a more
complete evaluation of the influence DOM concentration may have on the toxicity of
mercury.
Figure 16 shows the resulting chromatograms from the HPLC analyses and
outline the general shape of organic matter characteristic to other Suwannee River
standards; the only difference in the shape of the chromatograms is their height, which
corresponds to the presence of increased concentrations of organic matter- the height of
the chromatograms get larger with increased DOM concentrations.
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Figure 16. HPLC/SEC chromatograms for the four DOM concentrations prepared using
Suwannee River DOM isolate.

Copper

As can be seen from Figure 17, copper toxicity is continuously reduced with
increasing additions of DOM. The LC50 values for the copper experiments ranged from
15.49 µg Cu/L in the 4 mg C/L DOM solution to 51.25 µg Cu/L in the solution
containing 40 mg C/L DOM. This is over a four-fold decrease in the reduction of copper
toxicity using DOM isolated from the Suwannee River.

123

100
90

% Mortality

80
70
4 mgC/L

60

9 mg C/L

50

20 mg C/L

40

40 mg C/L

30
20
10
0
0

20

40

60

80

100

120

[Copper] (ug/L)

Figure 17. Dose-response curves for the toxicity of copper to various DOM
concentrations using Suwannee River DOM isolate.

The correlation between copper toxicity and DOM has been documented in
numerous studies (Erickson et al. 1996; Ma et al. 1999; Kim et al. 2001; Richards et al.
2001; McGeer et al. 2002; De Schamphelaere et al. 2004) and has been shown to reduce
the amount of free copper species to varying degrees, dependent on the type of organic
matter used for complexation. For example, De Schamphelaere et al. (2004) examined
the effect of DOM source on the acute copper toxicity of Daphnia magna, a larger
cladoceran species. Both laboratory and natural waters were tested and it was found that
in laboratory waters with an increase in DOM concentration between 2 and 18 mg/L, the
48-h EC50 values (the concentration where sub-lethal effects in 50% of the population are
observed) differed by a factor of 12, while in natural waters the range was much larger,
with the effect concentration ranging up to a factor of 30. The wide range of toxicity

124

values observed in these tests were determined to be a consequence of factors that have a
varying influence on toxicity in natural waters, including pH, alkalinity, and the
concentration of major cations in solution, including Ca, Mg, and Na.
Mercury

The results from the mercury toxicity tests using the Suwannee River DOM
isolate are shown in the dose response curves in Figure 18. For the two Suwannee River
DOM concentrations that corresponded to the lowest and highest concentrations tested
from the Ogeechee River (i.e., 4 mg C/L and 9 mg C/L), no significant differences were
observed in the toxicity of mercury compared to the same experiments conducted using
organic matter collected from the Ogeechee River. Although the LC50 value of
approximately 6 µg Hg/L that was calculated in these experiments is lower than the
results obtained using the whole water collected from the Ogeechee River, this difference
may be explained by the chemical characteristics of the isolate collected from the
Suwannee River. Due to the fact that the Suwannee River DOM isolate was collected
through RO procedures, most major anions and cations were removed from the organic
matter during the isolation step with the help of an installed filter. Therefore, when the
powder form of Suwannee River DOM isolate was dissolved into 18 MΩcm Milli-Q
water, these ions were not present to provide additional binding sites for metal
complexation as they are in most natural waters including the Ogeechee River.
Mercury toxicity was reduced to a larger extent in the two highest Suwannee
River DOM concentrations, 20 mg C/L and 40 mg C/L, than the two lower DOM
concentrations tested. The calculated LC50 values were 18.87 µg Hg/L and 23.33 µg
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Hg/L for the 20 and 40 mg C/L experiments, respectively, which is a much higher
reduction in toxicity than observed in any of the previous mercury experiments. The
increase in LC50 values can be directly attributed to the presence of more organic matter
in the higher concentration treatments, resulting in a higher number of strong binding
sites for mercury complexation.
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Figure 18. Dose-response curves for the toxicity of mercury to various DOM
concentrations using Suwannee River DOM isolate.

Although the toxicity of mercury was reduced to a larger degree in the two higher
Suwannee River DOM concentrations, it was not to as great an extent as was observed in
the experiments performed under similar conditions using the Suwannee River isolate
and copper. The LC50 value for mercury in the highest DOM concentration was only
approximately half of the value calculated in the same DOM concentration using copper.
One explanation for the difference in toxicity observed between the two metals can be
attributed to the higher abundance of oxygen functional groups available for binding on
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organic matter. The fact that copper binds more strongly to these types of functional
groups than mercury, coupled with the low abundance of strong mercury ligands present
in DOM (i.e., reduced sulfur ligands) may account for the differences observed in toxicity
between the two metals. The calculated LC50 values and corresponding 95% Confidence
Intervals for the Suwannee River DOM isolate experiments, including both copper and
mercury, are shown in Table 14.

Table 14. Summary of the LC50 values and accompanying 95% Confidence Interval for
copper and mercury using the Suwannee River DOM isolate.

LC50 (95% Confidence Interval)
[Suwannee River
DOM Isolate]
(mg C/L)

pH of [Suwannee
River DOM
Isolate]

4

6.72

9

6.59

20

6.31

40

6.08

Copper (ug Cu/L)

Mercury (ug Hg/L)

15.49
(12.77-18.78)
19.70
(16.80-23.10)
39.37
(33.30-46.54)
51.25
(41.20-63.75)

6.34
(5.07-7.93)
6.65
(5.65-7.82)
18.87
(16.23-21.94)
23.33
(20.09-27.09)

Fluorescence Quenching

Fluorescence Quenching

Following the completion of the toxicity experiments, each replicate mercury
testing concentration was combined and analyzed using fluorescence quenching
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techniques to quantify the stability constants of the mercury-DOM complexation for each
Ogeechee River site sample examined. EEM data for each of the sites was developed
and, using fluorescence quenching and a modified Stern-Volmer equation, the conditional
complexation constants for each site were calculated. An example of the fluorescence
quenching data that was modeled using the Stern-Volmer equation for Sites # 1 and # 7
are shown in Figure 19. As is clearly observed in the figure, as mercury concentration is
increased, higher fluorescence quenching occurs, until a maximum quenching is reached.
It is also important to note that initial fluorescence intensity values are lowest in Site # 1
and increase as the site distance downstream increases.

Fluorescence Intensity

140000
120000
100000
80000

Site # 1
Site # 7

60000
40000
20000
0
0

5

10

15

20

25

30

[Hg(II)] (uM)

Figure 19. Fluorescence quenching curves developed from the EEM data from Sites # 1
and # 7 at Excitation/Emission wavelength = 340/430 nm.

The conditional stability constants for each site, expressed as K, accompanied by
the log K for each site are given in Table 15. Although the conditional stability constants
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do not vary widely between the sites, the log K values do suggest strong binding between
mercury and DOM; however, when accompanied by the toxicity data, only a three-fold
reduction in toxicity was observed. This anomaly may be explained by the kinetic
lability of the metal, which describes the tendency of a metal to participate in association
and dissociation reactions with a ligand over time and is a direct measure of the metalDOM stability.

Table 15. Calculated conditional stability constants (expressed as log K values) for the
Ogeechee River whole water sites using fluorescence quenching curves and a modified
Stern-Volmer equation.

Site

Conditional K (M-1) ± (95% Confidence Level)

log K

1
2
3
4
5
6
7

1.30 (0.08) E + 06
5.82 (0.11) E + 05
1.14 (0.10) E + 06
1.28 (0.23) E + 06
9.20 (0.63) E + 05
2.81 (0.02) E + 05
9.30 (0.10) E + 05

6.12
5.77
6.06
6.11
5.93
5.45
5.97

Conclusions

Mercury contamination is increasing in aquatic systems; however, there is little
research examining the toxicity of mercury in natural waters and the role organic matter
may play in ameliorating these effects. Therefore, quantifying the relationship between
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mercury-DOM in aquatic systems through the use of toxicity experiments is imperative to
developing solutions to address these emerging problems.
Although the presence of increasing concentrations of DOM in aquatic systems
should provide a barrier to toxicity, this is not the case with mercury. Unlike other toxic
metals such as copper, cadmium, and nickel, the majority of experiments performed
using natural water samples collected from the Ogeechee River concluded that mercury
toxicity was not dependent on organic matter concentrations. Although toxicity was
reduced in all experiments, the reduction in toxicity was not significant among the DOM
treatments tested. This was attributed to the narrow range of DOM concentrations found
in the Ogeechee River sites.
In order to determine the behavior of mercury in the presence of higher DOM
concentrations, organic matter isolated by reverse osmosis procedures from the
Suwannee River was purchased from the IHSS. Higher DOM concentration solutions
were tested with both copper and mercury to assess any differences in toxicity between
the two metals. Although copper toxicity is continuously reduced with increasing DOM
concentrations, the toxicity of mercury responds differently. Mercury toxicity was
reduced by the same amount in the two lowest Suwannee River DOM concentrations
tested; these toxicity results were similar to those obtained using Ogeechee River DOM.
In the two higher Suwannee River concentrations of organic matter tested, however,
toxicity was reduced to a larger extent. This was hypothesized to be due to the higher
abundance of binding sites in these DOM concentrations.
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Differences observed in toxicities between the metals were hypothesized to be
due to the specific binding properties of each metal- copper, which favors functional
moieities containing oxygen, has a larger abundance of binding sites available in organic
matter with which to complex. Mercury, on the other hand, preferentially binds strongly
to the reduced sulfur groups, which are in smaller quantities in DOM. It will also
complex to oxygen-containing functional groups, but the complex formed is not strong,
allowing the mercury ion to dissociate from the initial complex to bind to another ligand
if a stronger complex can be achieved.
Fluorescence quenching results of the mercury-DOM bound Ogeechee River
samples showed that, although the calculated conditional stability constants did not very
greatly between the sites, the reported log K values do suggest strong mercury
complexation to the organic matter. These results, when coupled with the toxicity data,
create an anomaly. The answer to this inconsistency may lie in the kinetic lability of the
metal-DOM complex. Quantification of the stability constants for the ability of each
metal to form a bond with organic matter functional groups is crucial to understanding
metal toxicity and will be the focus of the next chapter.
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CHAPTER 5
QUANTIFICATION OF THE KINETIC LABILITY OF METAL COMPLEXES
USING COMPETITIVE LIGAND-EXCHANGE REACTIONS

Introduction

Metal speciation in aquatic systems is controlled through the interaction of a
metal with a complex mixture of inorganic anions, organic ligands, surfaces, and
organisms. Each of these factors has the ability to change the form of a metal altering its
reactivity (Achterberg et al. 2002), bioavailability (Barkay et al. 1997; Stauber et al.
2000; McGeer et al. 2002), and toxicity (Richards et al. 2001; Boenigk et al. 2005) in
natural waters. Although there are a plethora of reactions that can occur between a metal
ion and the environment, these reactions are highly dependent upon the individual
characteristics in the system, and therefore have not been well examined or characterized.
The bioavailability and ultimate toxicity of a metal are a function of the tendency
of the metal to react, which is often assumed to be dependent on the concentration of free
metal in solution. Due to the belief that only uncomplexed or “free” metal in solution is
available for uptake by organisms, the free ion activity model for metals has been used to
quantify this form, under conditions of equilibrium (Anderson and Morel 1978; 1982).
For metal complexes, the equilibrium conditions are maintained only if the metal
complexation rates proceed fast compared to the rate of metal uptake by the biota. If the
dissociation of the complex and the ligand-exchange rates are slow compared to uptake,
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the rate of metal incorporation into the organism will be limited by abiotic chemical
kinetics (Anderson and Morel 1982). The rate of other chemical processes such as
precipitation, adsorption/desorption and reduction will also be influenced by the rates of
metal complexation reactions if (1) the reacting metal occurs primarily as a complex with
other organic ligands, and (2) the process of interest requires removal of the metal from
the initial complex over time (Hering and Morel 1990). Equilibrium models have been
used in the past to quantify such reactions.
Equilibrium models in general are well established and have been central in the
understanding and accurate prediction of chemical speciation, solubility, and sorption
processes in natural waters (Milne et al. 2001). They also form the foundation for both
the Free Ion Activity Model (FIAM) and the Biotic Ligand Model (BLM) approaches to
predicting metal uptake by biological organisms (Campbell 1995; Di Toro et al. 2001).
Although these models assume equilibrium conditions, in nature, these conditions are not
always achieved and in these cases the dissociation rate of the metal becomes especially
important. If metal uptake by the biological membrane occurs quickly, then uptake by
the organism will not depend solely on the activity of the free ion, as has been previously
reported (Hudson 1998; Mirimanoff and Wilkinson 2000). In cases such as these, it is
assumed that the metal ion can still be transferred across the biological membrane
through association and dissociation reactions. When the metal ion concentration at the
surface of the membrane is depleted through association reactions, a net dissociation of
free metal ions from the complex results. In order to accurately quantify the kinetics of
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metal-ligand complexation, it is imperative to understand the behavior of each species
independently in natural waters. Current theory dictates that if a metal has the tendency
to exchange water quickly, it will also exchange ligands quickly (Margerum et al. 1978);
therefore, the water exchange rates for metals can be indicative of the behavior of a metal
complex undergoing a ligand exchange reaction.
Water Exchange Rates of Metal Ions

The water exchange reactions which occur between the coordination shells
surrounding aqueous metal ions is the most basic example of a ligand substitution
reaction (Equation 5.1) and its understanding is fundamental in the reactivity of metal
species in both biological and chemical systems

[M(H2O)n]z+ + nH2O*

[M(H2O*)n]z+ + nH2O

(5.1)

In this equation, n water molecules are replaced from the first coordination shell, which
occurs in many oxidation-reduction reactions and thus has been the primary topic of
recent publications (Margerum et al. 1978; Richens 1997).
In these types of reactions, the reactant and the product are both water, as are the
ligand and the solvent; therefore, no net energy is gained or lost during the reaction. For
metals, these observed rate constants span over 18 orders of magnitude, depending upon
the lability of the metal in aqueous media (refer to Figure 20). In general, the monovalent
alkaline metals exhibit the most lability, while the trivalent transition metals (especially
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Rh3+ and Ir3+) are considered the most stable. For example, according to Helm and
Merbach (1999) the mean lifetime of a water molecule in the first coordination shell of
Cs+ was estimated at 200 ps. Cesium is the largest monovalent metal cation; therefore, it
has the lowest surface charge density and thus the highest lability. This is in contrast to
hexaaqua iridium (III), which is a third-row transition metal. It has been reported that a
molecule of water can remain for more than 300 years in its first hydration shell.
In order to better understand the methods used to calculate water exchange rates
for aquo metal ions, metals are classified into three groups, based upon similarities shared
in ionic radius, electronic charge, and geometry (refer to Table 16). The first group is
represented by the main group metal ions, comprised of ions with a wide range of water
molecules in the first coordination shell, from four to 10 (Ohtaki and Radnai 1993). The
second group is composed of the d-transition metals, which, with the exception of Pd2+,
Pt2+, and Sc3+, exhibit hexacoordination. The exchange rates for these metals are
dependent upon the number of electrons residing in the d-orbital. Lanthanide and
actinide metal ions are classified within the third group. These ions have a coordination
number of either eight or nine and their kinetic behavior can be attributed to their
decrease in ionic radius across the series as well as their change in coordination number.
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Figure 20. Water exchange rates (k, s-1, 25° C) for aquo metal ions. The y-axis corresponds to similar groupings based on the
charge and electronic configuration of metals (modified from Margerum et al. 1978).

Theoretical Concepts of Solvent Exchange Reactions

Langford and Gray (1965) proposed a classification system for ligand exchange
reactions based upon the type of mechanism involved in the transfer. Each reaction could
be categorized into three different stoichiometric classifications:
(1) associative, represented by A, where an increased coordination number is
observed in the intermediate;
(2) dissociative, represented by D, where an intermediate is observed with a
decreased coordination shell; and,
(3) interchange, represented by I, where there is no detectable kinetic
intermediate. Interchange reactions are further broken down into two distinct
categories: those exhibiting an associative activation mode (Ia) and those
exhibiting a dissociative activation mode (Id).
In the associative activation mode, the rate determining step of the reaction is sensitive to
the entering and leaving group equally, while in the dissociative activation mode, the
rate-determining step is more sensitive to variations in the leaving group characteristics.
The only difference between the two activation modes is the sensitivity of the ratedetermining step. Therefore, the intermediate mechanisms includes a wide range of
transition states where the ability to form a bond between the incoming ligand and the
metal complex range from substantial (i.e., Ia mechanism) to negligible (i.e., Id
mechanism).
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Table 16. Rate constants and activation parameters for water exchange on transition
metal ions (modified from Helm and Merbach 1999).

Metal ion

Geometry

k (s-1)

Mechanism

[V(H20)6]2+

Octahedral

8.7 x 101

Ia

[Mn(H2O)6]2+

Octahedral

2.1 x 107

Ia

[Fe(H2O)6]2+

Octahedral

4.4 x 106

Id

[Co(H2O)6]2+

Octahedral

3.2 x 106

Id

[Ni(H2O)6]2+

Octahedral

3.2 x 104

Id

[Cu(H2O)6]2+

Dist. Octahedral

4.4 x 109

Id

Octahedral

-2

1.8 x 10

Id

Square Planar

5.6 x 102

Ia

Square Planar

-4

Ia

5

2+

[Ru(H2O)6]

[Pd(H2O)6]2+
2+

[Pt(H2O)6]

3.9 x 10

3+

[Ti(H2O)6]

Octahedral

1.8 x 10

A, Ia

[V(H2O)6]3+
[Cr(H2O)6]3+

Octahedral
Octahedral

5.0 x 102
2.4 x 10-6

Ia
Ia

[Fe(H2O)6]3+

Octahedral

1.6 x 102

Ia

[Ga(H2O)6]3+

Octahedral

4.0 x 102

Id

[Ru(H2O)6]3+

Octahedral

3.5 x 10-6

Ia

[Rh(H2O)6]3+

Octahedral

2.2 x 10-9

Ia

[Ir(H2O)6]3+

Octahedral

1.1 x 10-10

Ia
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Reference
(Powell et al.
1991)
(Ducommun et al.
1989)
(Ducommun et al.
1989)
(Ducommun et al.
1989)
(Ducommun et al.
1989)
(Rode 1980)
(Hugi-Cleary et
al. 1987)
(Crosser and
Allen 1977)
(Helm et al. 1984)
(Ducommun et al.
1980)
(Hugi et al. 1987)
(Hugi et al. 1985)
(Swaddle and
Merbach 1981;
Xue et al. 1995)
(Grant and Jordan
1981)
(Hugi-Cleary et
al. 1987)
(Aebischer et al.
1993)
(Cusanelli et al.
1996)

Types of Ligand Exchange Reactions

Association and dissociation reactions for metals have been documented in the
literature by many investigators using a variety of different methods. The majority of
these techniques examine the reactions rates of metal complexes through the use of a
reaction ligand (Lam et al. 1999; Scally et al. 2003). For example, anodic stripping
voltammetry has become an increasingly popular method of quantifying ligand exchange
reactions (Davison 1978; Van Leeuwen 1999). In this technique, as metal ions are
removed at the surface, simulating biological uptake, dissociation of the metal complex
occurs at the diffusion layer. Electrochemical measurements made in situ have also been
used to quantify the kinetic dissociation rates of metal complexes; however, their
calibration and use in natural waters is difficult and therefore, direct measurements are
generally performed in a laboratory setting. These measurements are not directly
correlated to those in the field, resulting in values that are not comparable.
Another technique that has proven successful in the ability to accurately quantify
association and dissociation reactions occurring with metal complexes is the use of a
competitive ligand. A ligand-exchange reaction is the chemical change that occurs when
a free ligand is introduced into a solution and can compete with the complexed ligand for
metal binding sites. The binding will be determined by the metal’s affinity for a specific
ligand; for example, if the incoming, uncomplexed ligand has a stronger affinity for the
metal than the complexed ligand, it will be able to outcompete for the binding sites on the
metal, displacing the once complexed ligand, resulting in a ligand exchange. This
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method is often employed for the quantification of stability constants for metal-ligand
complexes.
The interactions occurring between metals and ligands have been extensively
studied in recent years, resulting in a considerable amount of information on the complex
relationship shared between these species. Many of these studies have focused on
divalent metals such as copper, cadmium, and lead as well as the major complexing
cation calcium, which is prevalent in most natural waters (Waite and Morel 1984).
However, Chakrabarti (1994) examined the kinetic relationship of Cd, Cu, and Pb using a
variety of simple ligands, ethylenediaminetetraacetic acid (EDTA) and nitriloacetic acid
(NTA), to model the complexation capacity and rates of these metals with fulvic acids.
The results strengthened the importance of the ratio between fulvic acid:metal ion
concentrations and the extent of occupation of fulvic acid binding sites on the lability of
the metal-fulvic acid complexes.
The competition between metal ions and other cations in aquatic solutions for
binding sites on ligands has also been examined and quantified. Competition for EDTA
binding between copper and calcium was the focus of research conducted by Hering and
Morel (1988a). They concluded that the rate of reaction of copper-EDTA complexation
in the presence of calcium was severely retarded in seawater due to increased competition
from other cations present. This resulted in a pseudo-first-order half-life for Cu-EDTA at
approximately two hours of 10-7 M EDTA being calculated. In direct contrast to the
above reaction, when humic acid replaced EDTA as the predominant ligand, calcium
interference did not affect copper complexation to such a significant degree. This is due
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to the fact that DOM provides a wide variety of different functional groups for
complexation than a simple ligand such as EDTA.
In another study, Chelex 100 was used to quantify the kinetic speciation of Co(II),
Ni(II), Cu(II), and Zn(II) in both model solutions and freshwater samples (Sekaly et al.
2003). The results derived from this research were the first to show that the lability of the
metal complex followed the order, Co(II) > Ni(II) > Cu(II) > Zn(II). This work was also
the first study to establish a link between the lability of metal-DOM complexes and the
3d transition metals in freshwaters and their d electron configuration. Slow complexation
kinetics were observed for two of the metal complexes studied, Cu(II) and Ni(II),
suggesting that the distribution of these metals in aquatic systems may be dependent upon
the slow exchange rates between copper and nickel complexes and other competing
metals and ligands, which may involve multiple exchange reactions (Hering and Morel
1990). However, a kinetic model was successfully developed to correctly identify the
relative rates of dissociation in both model solutions and freshwaters, supporting the
chemical significance of speciation models.
Although it has been hypothesized by numerous researchers (Waite and Morel
1984; Campbell 1995; Schmitt and Frimmel 2003) that complexation of a metal to a
ligand is a static process, rendering the metal biologically unavailable, recent research has
shown that dynamic aspects of metal-ligand complex stability are important. Hering and
Morel (1990) investigated the rates of ligand exchange reactions for copper under
environmentally relevant conditions of pH and metal-ligand concentrations. They first
examined the effects of competing ligands and metal-to-ligand ratios on the
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rate constants of copper and two simple ligands, EDTA and NTA and then focused on
quantifying the kinetics of ligand-exchange reactions of humic-bound copper. The
results obtained using a fluorescent ligand to probe the ligand-exchange reactions of
copper with simple ligands and humic acid were modeled and revealed.
Theory of Ligand-Exchange Reactions

Kinetic studies of transition metal ligand-exchange reactions have shown that
these types of reactions proceed by a direct attack of the uncomplexed or incoming ligand
on the metal-ligand complex (Margerum et al. 1978). The reaction shown in Equation
5.2 and resembling Michaelis-Menton kinetics, can be written in both the forward and a
reverse direction; the forward reaction is the association of the complex, which occurs
relatively quickly and is followed by the reverse reaction, or the dissociation of the
initially complexed ligand and its release into solution.

ML + L′

k1

LML′

k-1

k2

L + ML′

(5.2)

k-2

It is important to note that the rate constants can be influenced by electrostatic attractions
as well as the protonation of the incoming ligand. The two mechanisms presented above,
associative and dissociative, should be thought of as limiting or ideal cases. Ligand
exchange processes may proceed via both of these routes simultaneously. In addition, the
true mechanism or transition state complex may not be as simple as indicated by these
steps. Therefore, Hering and Morel introduced the terminology adjunctive and
disjunctive to apply to the analysis of data on ligand-exchange rates (1988b). This
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emphasizes that the two pathways are consistent with the stoichiometry corresponding to
the ideal associative and dissociative mechanisms described above; however, it is not
meant to be interpreted as proof of a specific mechanistic pathway. The terminology
adjunctive and disjunctive will be used in the remainder of this dissertation.
For the adjunctive pathway, the initial formation of the ternary complex
intermediate will clearly depend on the characteristics of the incoming and leaving
ligand, but once the intermediate is formed, excess amounts of either ligand present in
solution will not drive the reaction to one product or another. Therefore, overall, the
adjunctive pathway is not expected to be strongly influenced by the relative
concentrations of the exchanging ligands.
The adjunctive pathway may be analyzed to derive an expression for the
disappearance of the displacing ligand L′. Using the steady state assumption for the
ternary intermediate and mass balance relationships to express the reactant concentrations
in terms of the ligand concentrations, the following relationship may be obtained.
-dL′/dt = J1L′ – J2L

(5.3)

where J1 and J2 are approximately constant when experiments are performed under
conditions of excess L and limiting amounts of metal and L′, or L > MT > L′. Under
these conditions J1 is given by
[k1 – k1k-1/(k-1+k2)](LT-L) + [k-1k-2/(k-1+k2)]L.

(5.4)

k-1k-2L′T/(k-1+k2)

(5.5)

and J2 is given by
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Integration of the simplified rate expression yields
L′ = [(J1-J2)L′T/J1]exp(-J1t) + L′ TJ2/J1

(5.6)

where the observed pseudo-first order rate constant, kobs, is J1 and at equilibrium, the
concentration of free L′ approaches L′TJ2/J1. The observed pseudo-first order rate
constant is not expected to be strongly influenced by the concentration of L used under
the conditions described for the following reasons. First, if all experiments are performed
with a constant total concentration of metal, MT, the difference (LT-L) will be
approximately constant and approximately equal to MT. Second, the rate constant k-1,
corresponding to the slow disassociation of the intermediate, is small, so the ratio terms
in J1. Therefore, the observed pseudo-first order rate constant simplifies to

kobs (adjunctive) = k1MT

(5.7)

In contrast, Shuman and co-workers have observed dissociation reactions
occurring in the presence of copper-DOC, resulting in the dissociation of the initial
copper complexes and have reported the accompanying rate constants for the dissociation
reactions in the literature (Shuman et al. 1978; 1983; Olson and Shuman 1983). The
dissociation reaction has been discussed previously in the water exchange section;
however, the corresponding reaction for the dissociation of the complex can be written
k1

ML + L′

k2

M + L + L′
k-1

ML′ + L
k-2
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(5.8)

where the complex dissociation steps are commonly assumed or shown to be slow
compared to the rate of formation.
In contrast to the adjunctive pathway, when the disjunctive pathway is similarly
analyzed, the observed pseudo-first order rate constant for the lost of L′ is shown to
depend on the inverse of the concentration of L. Using the steady state approximation for
the free metal, the rate expression for loss of L′ is
-dL′/dt = k2L′ (k1ML+k-2ML′)/(k2L′+k-1L) –k-2ML′

(5.9)

This expression can be simplified by using one of two assumptions. The first is that ML′
is formed much more rapidly than ML. This is equivalent to k2L′>>k-1L. This
assumption is not reasonable for the experimental conditions used in this work, since
L>>L′. The second simplifying possibility is that ML is formed from the intermediate
free metal much more rapidly than ML′ is formed. This is reasonable based on the much
higher concentration of L compared to L′. This corresponds to k-1L>> k2L′. With similar
reasoning, k-2ML′ is also likely to be a small term, since the concentration of ML′ must
be small. Thus, the rate expression simplifies to
-dL′/dt = (k1k2ML/k-1L) L′

(5.10)

and the observed pseudo-first order rate constant becomes

kobs(disjunctive) = k1k2ML/k-1L
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(5.11)

Inclusion of the final term –k-2ML′ in the integrated rate low results in an overall pseudofirst order loss of L′ to an equilibrium value. Under experimental conditions described
earlier in which L′ is at small concentrations relative to the metal and both L′ and metal
are at low concentrations compared to the ligand L, the resulting pseudo first-order rate
constant should be inversely dependent on the concentration of the excess or
uncomplexed ligand L added.
Based on the results of previous studies two mechanistic pathways emerge as
important for these ligand-exchange reactions- (1) an adjunctive pathway, which
proceeds by direct attack of the initial metal-ligand complex by the incoming ligand, and
(2) a disjunctive pathway, by which the initial complex dissociates over time. The terms
‘adjunctive’ and ‘disjunctive’ were first introduced in the work of Hering and Morel
to emphasize that these pathways were stoichiometric mechanisms inferred from rate
constants.
Although numerous experiments using ligand exchange reactions have been
performed, most of these studies have focused on the development of kinetic models
rather than the actual calculation and quantification of rate constants for various metalligand combinations. Although there are studies in the literature quantifying the rate
constants for metals, many of these studies only examine the association reaction,
neglecting the dissociation that can occur between the metal and the ligand over time.
Therefore, more research needs to be conducted before a true understanding of metalligand complexes in aquatic systems can be achieved. The overall objective of this
chapter was to quantify the kinetic lability (expressed as rate constants) of the NOM-
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complexes of both copper and mercury to elucidate differences in binding between the
two metals as support for the toxicity results observed. This larger objective was fulfilled
through the completion of smaller, more specific goals:
(1) Calculation of the kinetic stability of a variety of metal-ligand complexes using
well characterized, simple ligands to quantify each metal’s ability to bind a
specific functional group;
(2) Comparison of the calculated rate constants for each metal-simple ligand
combination to assess each metal for strong binding; and,
(3) Determination of the stability of each metal-NOM complex through the
calculation of conditional rate constants, using the binding properties established
from the simple ligand experiments to predict the kinetic behavior of metals
when complexed to a variety of functional group moieties, as is indicative of
complexation to NOM.
Experimental Design
Fluorescence Quenching

Fluorescence quenching describes any process by which the fluorescence
intensity of a sample is decreased, with the help of a fluorophore and a quencher. In the
following experiments the fluorophore is calcein, which exhibits fluorescent properties
and is added to the solutions as a ligand (either incoming or outgoing, depending on the
reaction type examined). The various metals used act as fluorescence quenchers to the
fluorophores. Fluorescence quenching can be further broken down into two distinct
categories: (1) static and (2) dynamic. Static quenching occurs when a ground state
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complex forms between the fluorophore and the quencher, but the formed complex does
not exhibit fluorescence. In dynamic or collisional quenching, on the other hand, the
quencher must diffuse to the fluorophore during the lifetime of the excited state. Upon
contact, the fluorophore returns to its original ground state without the emission of a
photon (Schulman and Kelly 1985). Metals can act as either static or dynamic quenchers
or both, depending on their properties. Analysis of quenching using the Stern-Volmer
equation results in a linear relationship between fluorescence and quencher concentration
for either static or dynamic quenchers. However, if a quencher acts by both routes, that
relationship is nonlinear. In this work, linearity was verified, but the mechanism of
quenching was not. However, since calcein strongly complexes metals, static quenching
is the reasonable mechanism.
Fluorescence Quenching Materials

1 M solutions were prepared of the chloride salt of two transition metals (i.e.,
Cu2+ and Hg2+) in Milli-Q water and stored in the refrigerator until use. Stock solutions
of 0.01 M EDTA (JT Baker, Phillipsburg, New Jersey), NTA (EMD Chemicals,
Gibbstown, New Jersey) and cysteine (Sigma-Aldrich, St. Louis, Missouri) were also
prepared for use in the forward reaction experiments. These ligands were chosen due to
the fact that they each represent a simple ligand containing oxygen, nitrogen, and sulfur
as the primary complexing atom, respectively. The chemical structure of each simple
ligand used is given in Figure 21. The use of these ligands allowed rate constants for
each metal-ligand complex to be calculated and, ultimately, provided useful information
on the quantification of metal binding to more complex ligands, such as DOM.
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Suwannee River DOM, collected by reverse osmosis procedures previously described by
Ritchie and Perdue (2003), was purchased from the International Humic Substance
Society (IHSS) and used without further purification. The fluorescent dye calcein, 3′, 6′dihydroxy 4′, 5′-bis[N, -N′-(dicarboxymethyl) aminomethyl]fluoran, was used as
received from Sigma-Aldrich (St. Louis, Missouri). Figure 22 depicts the chemical
structure of calcein and it will herein be referred to as dye, D, or calcein in the remainder
of the text.
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Figure 21 Chemical structures of three simple ligands used in the competitive ligandexchange reaction experiments. (A) EDTA, (B) NTA, and (C) cysteine.
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Figure 22. Chemical structure of the fluorescent dye, calcein

Use of the Fluorescent Dye

Calcein is a condensation product of fluorescein, aminodiacetate, and formaldehyde. It is
fluorescent over a wide pH range, typically between three and seven. The fluorescence
produced by calcein is dynamically quenched upon complexation with transition metals,
with both 1:1 and 2:1 metal-calcein complexes being observed. Saari and Seitz (1984)
reported a stability constant of 1012.3 for the formation of the 1:1 copper complex at pH =
7, while a wide variety of constants have been determined for the 2:1 complex, ranging
from 1020.8 to 1029.0 (Miyahara 1977).
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Construction of Stern-Volmer Plots

Although fluorescence quenching is not always linear in nature, data for the
construction of Stern-Volmer plots is generally presented as graphs of the ratio of the
fluorophore alone and the fluorophore with the addition of various quencher
concentrations versus the concentration of the quencher added. This is shown by the
following equation:

F0
= K SV [ M ] + 1
F

(5.12)

When a linear regression is applied to the values and they are graphed, the equation will
yield Ksv values as the slope. A linear Stern-Volmer plot corresponds to a single class of
fluorophores that are equally accessible to the quencher.
In order to effectively assess the linear range of metal quenching in the presence
of calcein, Stern-Volmer graphs were constructed for each specific metal used in the
fluorescence quenching experiments. Calcein concentrations were maintained at 10 nM
and metal concentrations ranged from 10 nM to 100 nM in all experiments. Both the
calcein and the metal were added in equal volumes to a fluorescence cuvette and the
fluorescence intensity (recorded in counts per second, cps) was measured at an excitation
wavelength = 492 nm and an emission wavelength = 511 nm, with front slit settings
maintained at 2nm and rear slit settings maintained at 4nm. Following the conclusion
of the experiments, the F0/F values were calculated for each metal using the resulting
measurements and Stern-Volmer plots were constructed.
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Kinetics Experiments

All kinetics experiments were performed using a Photon Technology International
(PTI) QM-1 fluorescence spectrophotometer (Brunswick, New Jersey) in steady-state
mode at an excitation wavelength equal to 492 nm and an emission wavelength equal to
511 nm. The front and rear slit widths were set at 2 nm and 4 nm, respectively. A glass
filter was installed to filter out wavelengths less than 370 nm, to ensure that the organic
matter was not contributing to calcein fluorescence. All experiments were performed
with a time-based program, which measured fluorescence over 10-30 minutes. The
fluorescence-dye concentration relationship was calibrated for each ligand prior to
performing the individual experiments. For experiments using Suwannee River DOM,
the fluorescence of the dye was calibrated at each organic matter concentration.
The kinetic experiments consisted of performing the forward reaction with each
metal and simple ligand combination. The forward reactions occurred quickly in all
metal-ligand combinations used.
Forward Reaction

The overall competitive ligand-exchange for the forward reaction is as detailed in
Equation 5.4:
ML + D

MD + L

where M = metal
L = outgoing ligand (i.e., simple ligand or Suwannee River DOM isolate)
D = incoming ligand (i.e., calcein dye)
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(5.13)

and consisted of combining equal volumes of both the metal (5 x 10-8 M) and a range of
simple ligand (6 x 10-8 M, 8 x 10-8 M, 1.2 x 10-7 M, and 2.0 x 10-7 M) or Suwannee River
DOM isolate (1.1 mg/L, 5.4 mg/L, and 10.8 mg/L) concentrations together in a
fluorescence cuvette. The metal-ligand solution was given 24-h to complex and reach
equilibrium. Upon equilibration, an equal volume of the incoming ligand or dye
(1 x 10-8 M) was added to the complexed solution and the solution was mixed vigorously.
The first fluorescence measurement was taken approximately 20 sec after the dye was
added and measurements continued to be taken every 10 sec for 10-30 min or until
complete fluorescence quenching had occurred. The fluorescence intensity decreased
over time, as the incoming ligand outcompetes the bound, simple ligand for binding sites
on the metal. As the experiment progressed, more dye became complexed to the metal,
leaving less free dye in solution to fluoresce and resulting in an overall decrease in
fluorescence values. It was assumed that any fluorescence occurring from Suwannee
River DOM was negligible compared to the fluorescence of calcein and therefore did not
contribute nor interfere with overall fluorescence values.
Data Treatment and Modeling

For all kinetics experiments performed, the measured fluorescence was related to
the free dye concentration through calibration curves that were obtained directly after the
completion of each experiment. Only the free and protonated dye species were assumed
to contribute to the overall fluorescence in each experiment. The fluorescence quenching
for the forward reaction was assumed to be solely from the formation of a 1:1 Metal-Dye
species. Thus, concentrations of free dye and Metal-Dye species could be calculated
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from the initial concentration of the reagents, the assumed stoichiometry of the
complexes, and the fluorescence observed over time.
Kinetic rate constants were obtained from the observed concentration of free
dye over time at various initial reactant concentrations through previously developed
models for competitive ligand exchange reactions. Visual Minteq (Gustafsson 2000) was
used to check metal speciation under these experimental conditions to verify the
concentration of metal species uncomplexed by the ligands (EDTA, NTA, and
cysteine) are negligible. The results for copper and mercury with EDTA and NTA
indicated 99.4 to >99.9% of the total metal (50 nM) was bound at the lowest ligand
concentration (60 nM). Visual Minteq does not contain constants for cysteine, so the
concentration of unbound metal was not checked for that ligand. These results support
the inclusion of only metal bound by the two competing ligands in mass balance
relationships used in kinetic analyses.
For the forward reaction experiments, the reaction was analyzed as first order in
both [Metal-Ligand] and [Dye]. In complexation experiments with all simple ligands the
complex was stable over time, allowing a pseudo-first-order rate constant to be extracted
from the exponential fit of [Dye] over time. Observed pseudo first-order rate constants
were obtained and analyzed for dependence on ligand concentration based on the
prediction of different behavior for adjunctive and disjunctive pathways.
The Scientist. The modeling software Scientist for Windows (version 2.01, Micromath)

was used to fit the experimental data to the pseudo-first order rate expressions given and
to calculated the reaction rate constants. It was used for nonlinear model fitting of the
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data obtained for the change in calcein concentration vs. time. Fitting parameters
including kobs were obtained in conjunction with estimates of standard deviations for the
fitting parameter values and R2 values that assessed the overall error of the model fit to
the observed data.
The model used in the Scientist program is based on the pseudo-first order
approximation of the chemical equilibrium below:
ML + D

MD + L

(5.14)

The model fits the exponential disappearance of D as the product MD is formed. The
parameters used are k1 and k-1, which correspond to the rate constants for the forward and
reverse reactions, respectively, in the equilibrium shown in equation 5.6, D0, the initial
concentration of D, and D∞, the equilibrium concentration of D. Deriving the rate
expression for this system assumes only 1:1complexes are formed and uses the following
mass balance relationship
D0 + ML0 = D∞ + ML∞ = D + ML

(5.15)

Expressing the result as an exponential decrease in calcein concentration, gives the result
D = (D0 - D∞) exp(-kt) + D∞

(5.16)

where k=kobs
and kobs = k1+ k-1 if the process is interpreted mechanistically as shown in equation 5.6.
In the Scientist model, D, the free calcein concentration, and P, the product, MD,
is compared. The parameters used, k1 and k-1, correspond to the rate constants for both
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the forward and reverse reactions, respectively. D0 describes the initial concentration of
D and D8 is the final concentration of calcein following equilibrium. Deriving the rate
expression for this system, using both rate expressions and the following stoichiometric
relationships, as well as assuming a 1:1 stoichiometric relationship for MD and D, yields
A0 + P0 = A8 + P8 = A +P

(5.17)

Expressing this relationship as an exponential decrease for the calcein, the final result is
D = (D0 + D8)-Kt + D8

(5.18)

where k = kobs
kobs = k1 + k-1, if the reaction is interpreted mechanistically as written above
(Espenson 1981).
Results and Discussion
Construction of Stern-Volmer Plots

The graphical representation from the Stern-Volmer calculations of the quenching
effectiveness of copper and mercury in the presence of calcein are shown in Figure 23.
From this figure, it is clear that each metal examined quenches calcein to a varying
degree. Although the quenching experiments were performed with a range of
concentration of metal, from the graph it can be observed that at the highest metal
concentrations examined (approximately 50 nM and 100 nM), the fluorescence
quenching observed with the metal no longer adheres to linearity; this is the case for
copper but not mercury. Therefore, these values were not included in the calculations of
the linear slope for the quantification of accurate free calcein concentrations in each
experiment.
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Figure 23. Stern-Volmer plots depicting the fluorescence quenching efficiency of copper
and mercury in the presence of calcein.

Due to the fact that the slope, or Ksv, of the Stern-Volmer plot is indicative of the
efficiency of a metal to quench a fluorophore, the steeper the slope of the linear SternVolmer plot, the more sensitive the metal quencher. The calculated Ksv values for each
of the metals used are shown in Table 17, including the 1/Ksv value, which refers to the
concentration of metal at which 50% of the fluorescence is quenched (Helm and Merbach
1999). Referring to the observed slopes for each metal, the sensitivity of the metals
examined follows the order: mercury(II) > copper(II).
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Table 17. Ksv and 1/Ksv values for the fluorescence quenching by each metal examined
using the Stern-Volmer equation.

Metal

Ksv

1/Ksv (nM)

Cu2+
Hg2+

0.0265
0.0604

37.74
16.56

Quantification by Calibration Curves

Calibration curves were used to quantify the change in the concentration of free
calcein in the solutions throughout each experiment. Figure 24 shows a representative
calibration curve for calcein in the presence of either a simple ligand (a) or the Suwannee
River DOM isolate (b). Although the linear regression for the simple ligand fit the data
better at lower concentrations, it is clearly observed in the resulting curves, the presence
and concentration of the ligand (in this case NTA and Suwannee River DOM) did not
significantly change the calibration equations obtained, as deduced from the linear
regression analysis and high R2 values. Therefore, the equation resulting from the linear
regression of the calcein fluorescence points was used in the calculation of free calcein
for those specific experiments.
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Figure 24. Sample calibration curves for calcein in the presence of an additional ligand,
in this case (A) NTA or (B) Suwannee River DOM.
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Kinetics Experiments
Mechanisms and Rates for Ligand-Exchange Reactions with Simple Ligands

A brief description of the overall quantification of the rates constants will be
given below. In the following description, M refers to any metal used in this study, while
L corresponds to one of the three simple ligands examined. Due to the fact that the
reaction kinetics for each metal-simple ligand combination were vastly different, results
for the individual metal-ligand combinations are presented in subsections by the ligand
used. This will enable direct comparisons to be made between different metals and one
simple ligand.
For each forward reaction in the presence of a simple ligand, a decrease in the
fluorescence of the dye was observed over time. Each subsequent increase in ligand
concentration was accompanied by a decrease in the resulting fluorescence quenching. In
each case, the reaction was allowed to continue until equilibrium was reached and no
more fluorescence quenching was observed. The rate constants, as kobs, were evaluated
and then plotted vs. the total ligand concentrations. Total ligand concentrations were
used in place of free ligand concentrations because the trends observed were not affected
by the substitution of total ligand for free ligand.
EDTA

Figures 25 and 26 present the experimental data and model fit for copper and
mercury with EDTA at four different ligand concentrations. As can be seen, the model
captures the data very well. Tables 18 and 19 present the results for the fitted parameters,
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with the estimated standard deviation for the observed rate constant, and the R2 for the
nonlinear fit.
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Figure 25. Model fit using the Scientist for the forward reaction of copper and EDTA.
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Figure 26. Model fit using the Scientist for the forward reaction of mercury and EDTA.
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Table 18. Fitting parameters of the model fit for the forward reaction of copper and
EDTA.

[EDTA]
(nM)
60
80
120
200

kobs

± std dev

1.43 x 10-2
1.73 x 10-2
1.56 x 10-2
5.90 x 10-3

4.04 x 10-4
5.33 x 10-4
7.15 x 10-4
1.21 x 10-3

[D0]
(nM)
11.01
11.98
11.09
9.69

[D∞]
(nM)
4.43
4.31
5.67
9.24

R2 for nonlinear
fit
0.9998
0.9997
0.9998
0.9999

Table 19. Fitting parameters of the model fit for the forward reaction of mercury and
EDTA.

[EDTA]
(nM)
60
80
120
200

kobs

± std dev

2.40 x 10-2
1.99 x 10-2
1.34 x 10-2
1.26 x 10-2

8.90 x 10-4
4.30 x 10-4
6.10 x 10-4
5.40 x 10-4

[D0]
(nM)
9.95
11.14
9.99
10.27

[D∞]
(nM)
4.30
4.11
5.49
6.02

R2 for nonlinear
fit
0.9998
0.9998
0.9998
0.9998

Analysis of the dependence of the results for kobs on EDTA concentration is
shown in Figure 27. No dependence on ligand concentration was observed for copper, if
the value obtained for 200 nM EDTA is neglected. Both the amount of change in D
observed experimentally and the rate constants obtained differ significantly from results
obtained in general (all metals and ligands). Therefore, it is suspected that this kinetic run
is not representative of the complexation that results. Rate constants obtained for
mercury, in contrast, clearly decrease with increasing EDTA. The apparent plateau
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observed for the highest EDTA concentration, may indicate saturation of the competitive
effect.
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Figure 27. Pseudo-first order rate constants showing the dependence of copper and
mercury on EDTA concentrations.

NTA

As was observed for the EDTA results, the fit of the model to the data obtained
using NTA is quite good. The modeled fit, shown for both metals in Figure 28 and 29,
result in similar curves for the four NTA concentrations examined, although mercury
shows a larger decrease in calcein concentrations over time than copper. The parameters
that were fit to the data are included in Table 20 for copper and Table 21 for mercury.
These include the kobs values for each NTA concentration examined, as well as the
standard deviations and the R2 values.

182

12

[Calcein] (nM)

10

60nM
60nMfit

8

80nM
80nMfit

6

120nM
120nMfit

4

200nM
200nMfit

2

0
0

50

100

150

200

250

300

350

Time (s)

Figure 28. Model fit using the Scientist for the forward reaction of copper and NTA.
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Figure 29. Model fit using the Scientist for the forward reaction of mercury and NTA.
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Table 20. Fitting parameters for the model fit for the forward reaction of copper and
NTA.

[NTA]
(nM)
60
80
120
200

kobs

± std dev

2.25 x 10-2
2.19 x 10-2
2.12 x 10-2
2.49 x 10-2

1.03 x 10-3
1.60 x 10-3
9.30 x 10-4
8.50 x 10-4

[D0]
(nM)
9.59
9.28
9.46
9.15

[D∞]
(nM)
4.81
5.12
5.23
5.77

R2 for nonlinear
fit
0.9998
0.9708
0.9998
0.9999

Table 21. Fitting parameters for the model fit for the forward reaction of mercury and
NTA.

[NTA]
(nM)
60
80
120
200

kobs

± std dev

3.70 x 10-2
2.22 x 10-2
1.52 x 10-2
2.83 x 10-2

1.98 x 10-3
8.36 x 10-4
5.09 x 10-4
1.58 x 10-3

[D0]
(nM)
14.75
11.67
10.78
10.83

[D∞]
(nM)
3.97
3.84
4.59
5.44

R2 for nonlinear
fit
0.9989
0.9995
0.9998
0.9997

When the kobs values are graphed in conjunction with the total ligand
concentration for NTA, a pattern similar to that observed with EDTA emerges. The
results show the independence of ligand concentration on copper binding, while mercury
exhibits a strong dependence on the concentration of the ligand, as shown in Figure 30.
The independence of the ligand concentration on copper results in the disjunctive
pathway becoming negligible as a mechanistic pathway, as this pathway is dependent on
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the ligand concentration; therefore, the adjunctive pathway is dominant in the copperNTA experiments. Mercury, as was observed in the EDTA experiments, shows a strong
dependence on ligand concentration. This correlates to the importance of the disjunctive
pathway in mercury complexation to NTA.
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Figure 30. Pseudo-first order rate constants showing the dependence of copper and
mercury on NTA concentrations.

Cysteine

Figures 31 and 32 depict the model fit of the observed data with both copper and
mercury when complexed to cysteine. The curves for both metals are similar in shape
and change in calcein concentration over time, with copper resulting in a larger decrease
in calcein over time. The kobs values, as well as the standard deviations and the goodness
of fit for the model (expressed as an R2 value) for copper and mercury, are shown in
Tables 22 and 23, respectively.
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Figure 31. Model fit using the Scientist for the forward reaction of copper and cysteine.
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Figure 32. Model fit using the Scientist for forward reaction of mercury and cysteine.
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Table 22. Fitting parameters for the model fit for the forward reaction of copper and
cysteine.

[Cysteine]
(nM)
60
80
120
200

kobs

± std dev

1.83 x 10-2
2.85 x 10-2
1.96 x 10-2
2.17 x 10-2

9.39 x 10-4
1.64 x 10-3
9.38 x 10-4
1.05 x 10-3

[D0]
(nM)
9.06
10.13
8.81
8.95

[D∞]
(nM)
4.22
4.48
4.49
4.82

R2 for nonlinear
fit
0.9996
0.9995
0.9997
0.9998

Table 23. Fitting parameters for the model fit for the forward reaction of mercury and
cysteine.

[Cysteine]
(nM)
60
80
120
200

kobs

± std dev

1.92 x 10-2
1.48 x 10-2
2.07 x 10-2
1.17 x 10-2

8.03 x 10-4
8.53 x 10-4
8.24 x 10-4
6.71 x 10-4

[D0]
(nM)
9.01
8.16
9.01
8.31

[D∞]
(nM)
4.72
4.76
4.92
5.35

R2 for nonlinear
fit
0.9998
0.9998
0.9998
0.9999

Following the modeling of the experimental data for the pseudo-first order rate
constants from the complexation of both copper and mercury to cysteine, scattered points
result from the copper-cysteine graph, indicative of no dependence on the concentration
of the ligand. This is also the case, however, for the mercury-cysteine complex. The fact
that neither metal show dependence on the concentration of cysteine, while mercury
showed ligand dependence for both EDTA and NTA, is indicative of the prevalence of
ligands containing either oxygen or nitrogen in aquatic systems, especially in association
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with DOM. The dependence of each metal examined on the ligand concentration is
shown below in Figure 33.
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Figure 33. Pseudo-first order rate constants showing the dependence of copper and
mercury on cysteine concentrations.

Ligand-Exchange Reactions of Metal-Suwannee River DOM Complexes

Due to the fact that organic matter can have numerous different functional
moieties in association with it, conducting the competitive ligand exchange reaction
experiments with the simple ligands prior to using the Suwannee River DOM allowed for
the behavior of the metal-DOM complex to be better understood from the perspective of
the behavior of some of the constituent moieties.
Exchange reactions between calcein and metal-Suwannee River DOM complexes
were examined using various metals and DOM concentrations. For the forward reaction,
MDOM + D

MD +DOM, a decrease in fluorescence was observed with increased
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DOM concentrations. Fluorescence continued to increase until equilibrium was reached
and no more ligand was exchanged in the experiments.
Forward Reaction with Suwannee River DOM

When Suwannee River DOM was used as the competitive ligand in the ligand
exchange reactions for both copper and mercury and the experimental results obtained
were modeled using the Scientist program, good agreement between the observed and
modeled data was seen, even at varying calcein concentrations. Figure 34 shows the 20
nM modeled fit for copper and Figure 35 for mercury at the same calcein concentration.
The results for both metals at 50 nM calcein are given in Figure 36 for copper and Figure
37 for mercury. Both metals show a larger decrease in calcein for both concentrations
examined, although the results at 50 nM calcein show a larger decrease in calcein
throughout the course of the reaction. The results provide evidence to the accurate fit of
the observed data with the model.
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Figure 34. Model fit using the Scientist for the forward reaction of copper and Suwannee
River DOM at 20 nM calcein.
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Figure 35. Model fit using the Scientist for forward reaction of mercury and Suwannee
River DOM at 20 nM calcein.
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Figure 36. Model fit using the Scientist for forward reaction of copper and Suwannee
River DOM at 50 nM calcein.

50
45

[Calcein] (nM)

40
35

5.4 mg/L

30

5.4 fit

25

10.8 mg/L

20

10.8 fit

15
10
5
0
0

100

200

300

400

Time (s)

Figure 37. Model fit using the Scientist for forward reaction of mercury and Suwannee
River DOM at 50 nM calcein.
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The fitting parameters for each set of modeled data at 20 nM calcein are shown in
Table 24 for copper and Table 25 for mercury. Values for the observed rate constants
(kobs), as well as the standard deviations for the pseudo-first order rate constants are given
and the R2 values, depicting the accuracy of the modeled fit to the observed data, are
shown in the tables corresponding to each metal. The fitting parameters for the modeled
data at 50 nM calcein are shown for copper and mercury in Table 26 for and Table 27
respectively.

Table 24. Fitting parameters of the model fit for the forward reaction of copper and
Suwannee River DOM at 20 nM calcein.

[SR DOM]
(mg/L)
1.1
5.4
10.8

± std dev

kobs
-2

2.99 x 10
3.41 x 10-2
5.48 x 10-2

-3

2.57 x 10
2.97 x 10-3
6.54 x 10-3

[D0] (nM)

[D∞] (nM)

R2 for
nonlinear fit

19.40
20.02
21.23

12.95
13.73
14.92

0.9998
0.9999
0.9999

Table 25. Fitting parameters of the model fit for the forward reaction of mercury and
Suwannee River DOM at 20 nM calcein.

[SR DOM]
(mg/L)
1.1
5.4
10.8

kobs

± std dev

4.48 x 10-2 2.63 x 10-3
2.76 x 10-2 2.90 x 10-3
1.42 x 10-2 1.22 x 10-3

[D0] (nM)

[D∞] (nM)

R2 for
nonlinear fit

21.30
19.00
17.30

13.50
13.90
15.20

0.9999
0.9999
0.9999
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Table 26. Fitting parameters of the model fit for the forward reaction of copper and
Suwannee River DOM at 50 nM calcein.

[SR DOM]
(mg/L)

kobs

± std dev

[D0] (nM)

[D∞] (nM)

R2 for
nonlinear fit

5.4
10.8

5.06 x 10-2
5.00 x 10-2

2.16 x 10-3
3.07 x 10-3

74.15
64.94

24.80
30.20

0.9998
0.9998

Table 27. Fitting parameters of the model fit for the forward reaction of mercury and
Suwannee River DOM at 50 nM calcein.

[SR DOM]
(mg/L)
5.4
10.8

kobs

± std dev

4.34 x 10-2 2.85 x 10-3
3.85 x 10-2 2.43 x 10-3

[D0] (nM)

[D∞] (nM)

79.30
66.60

18.80
27.10

R2 for
nonlinear fit
0.9984
0.9995

Following the model fit of the experimental data of copper and mercury
complexation to Suwannee River DOM using pseudo-first order rate constants, once
again both metals exhibit different trends for binding to DOM (Figure 38). While a small
trend is observed at 20 nM calcein in the copper experiments, it is towards increasing rate
constants with increasing DOM concentration; no dependence on ligand concentration is
seen at 50 nM calcein. Mercury at 20 nM calcein, on the other hand, has rate constants
that decrease with increasing DOM concentration. These results are consistent with the
results obtained previously in the simple ligand experiments with mercury and EDTA and
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NTA, and seem reasonable due to the fact that EDTA and NTA are oxygen and nitrogen
ligands, respectively, and are found in higher percentages on DOM. At 50 nM calcein
concentrations, the rate constants are much higher, corresponding to the inability of the
experimental method to accurately capture the early decrease in calcein that occurs,
resulting in values that are not as reliable. However, it is plausible to expect to see a
diminished effect of DOM at higher calcein concentrations.
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Figure 38. Pseudo-first order rate constants showing the dependence of copper and
mercury on Suwannee River DOM at varying calcein concentrations.

Conclusions

Although the mechanistic model used in this study to interpret ligand-exchange
reactions explains the experimental data well, it is not indicative of the complexity that
occurs in nature. The current model neglects the formation of the many dinuclear
species, which may play an important role in aquatic systems and the environment.
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Based on the interpretation of the model ligand results, the ligand-exchange reactions for
metal-Suwannee River DOM complexes could also be evaluated. The results from these
complexes suggest that both the adjunctive and disjunctive pathways are relevant and can
equally occur in these systems; however, many times the dependence of the metal on the
ligand concentration is indicative of the important role of the disjunctive pathway.
Copper showed rate behavior independent of the concentrations of simple ligands, while
the ligand concentration and thus the disjunctive mechanistic pathway was important in
the reactions of mercury when complexed to both EDTA and NTA; however, when
cysteine was used as the competing ligand, mercury was independent of the ligand
concentration.
Due to the fact that organic matter can be so diverse in nature, having numerous
functional moieties available for binding, the strength of metal-DOM complexes can be
difficult to quantify. Overall, the competitive ligand-exchange results presented help
predict the potential importance of attack by competing ligands in natural waters.
The ligand-exchange reactions occurring with metal-DOM complexes in this
study used simple ligands to predict the behavior of metals in the environment.
Experiments conducted with well-characterized ligands show that the concentration range
of the reactants used determines the mechanism by which the reaction proceeds.
Reactions with both simple ligands as well as with Suwannee River DOM can occur
through two different pathways- an adjunctive pathway, which involves a direct attack on
the metal-ligand complex by the incoming ligand, and a disjunctive pathway, which is a
dissociation of the initial metal complex over time. Results confirm that both pathways
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are important in metal complex ligand exchange processes and show that the dynamic
aspects of ligand exchange differ significantly for copper and mercury with the same
ligands. Only for cysteine did both metals behave similarly.
The reactions examining metal-Suwannee River DOM complexes can occur via
either pathway and both are considered to be important at organic matter concentrations
found in natural waters. The rate constants calculated for these complexes can be used to
determine the strength of the metal-ligand bond as well as the probability of the complex
being attacked by a ligand with a stronger affinity for the metal. Mercury is a more
kinetically labile metal than copper for the oxygen and nitrogen containing ligands that
are characteristic of most DOM metal binding sites. Although the magnitude of the rate
constants observed in the reactions often do not vary greatly, applying the mechanistic
pathway important for each metal indicates that ligands residing in natural waters for
uptake by organisms are much more available to compete with complexing ligands for
binding sites on mercury than on copper. The ligand exchange studies performed reveal
that mercury complexes with these types of ligands are subject to ligand exchange and do
so through a free metal or free metal-like intermediate. These results provide a
mechanistic explanation for the differences in toxicity observed between copper and
mercury in the Ogeechee River samples.
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CHAPTER 6
CONCLUSIONS AND FUTURE DIRECTION

The fundamental role of DOM complexation on the toxicity of mercury to aquatic
organisms in natural waters was examined. This was assessed using organic matter
collected from the Ogeechee River, a natural aquatic system. The organic matter was
analyzed by numerous physiochemical properties to develop a DOM characterization
profile for the organic matter in the river. The characterization profile developed for the
Ogeechee River DOM show that, for the majority of the parameters measured and
analyzed, the results do not differ significantly between the sites. These similarities were
not observed for DOM concentration, which increased with increasing distance
downstream or for the estimation of reduced sulfur sites in association with the organic
matter, which varied greatly between the seven sites analyzed. These physiochemical
measurements were input into a chemical speciation modeling program (Visual
MINTEQ) for the prediction of accurate mercury concentrations for use in toxicity
experiments. The results of the model predicted that at mercury concentration greater
than 10 µg/L, greater than 99% if the mercury would be complexed to DOM, leaving a
negligible concentration of free metal in solution available for uptake by organisms.
Each parameter was also assessed for its ability to complex mercury and the effect each
may have on the bioavailability and ultimate toxicity of mercury in the environment.
The behavior of mercury in the environment is dramatically different from all
other trace metals, especially when complexed to organic matter in natural waters. While
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the presence of increasing concentrations of DOM continuously decreases the toxicity of
metals, this phenomenon was not observed with mercury. Although the formation of a
complex between mercury and DOM occurs, the observed toxicity was only reduced by a
factor of three in all experiments and therefore independent of DOM concentration.
These results were observed in the presence of two different organic matter sourcesDOM found in whole waters collected from the Ogeechee River and reference organic
matter collected by reverse osmosis procedures on the Suwannee River. The differences
in observed toxicity between copper and mercury point to different binding strengths for
specific functional moieties in association with DOM.
Using competitive ligand-exchange reactions, the complexation strength of a
variety of metals to DOM was assessed. However, due to the complexity attributed to
organic matter, the strength of the metals complexed to simple ligands were first
quantified and used to better understand metal-DOM binding. The results show that the
strength of a metal simple ligand complex is dependent upon the metals affinity for that
specific ligand moiety. This, in turn can be used as a surrogate for the complexation of
metals to DOM. Although a variety of functional moieties are in association with organic
matter and provide sites for binding, not all sites have similar affinities for all metals.
Both copper and mercury complex strongly to different functional moieties in association
with DOM, resulting in different kinetic labilities. From the results of the competitiveligand exchange experiments with both metals, it can be concluded that mercury is more
kinetically labile and thus less strongly bound to DOM than copper. The strongly bound
metal ligand sites on DOM only make up a fraction of the total sites available for
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binding. The remaining sites, although occupied by metals, are only weakly bound,
allowing for ligand-exchange reactions to occur with metals having a higher affinity for
those ligands. When these reactions occur, it allows previously complexed metals to
become free in solutions, making them available in the water column for uptake by
organisms. Understanding these reactions are especially crucial to highly toxic metals
such as mercury.
Due to the fact that mercury preferentially binds strongly to sulfur containing
ligands, which are not in large abundance on DOM molecules, it is possible that there are
many ligand-exchange reactions occurring, forcing mercury back into solution as a free
ion. These free metal ions are then taken up by aquatic organisms, resulting in higher
toxicities than numerous other metals examined. If this is the case, then the treatment
and remediation of mercury in waterbodies becomes especially important.
The overarching goal of this research was to evaluate the role of dissolved organic
matter on mercury toxicity to aquatic organisms in natural waters. Although DOM may
provide some protective advantages from mercury toxicity to organisms, to what extent
and by what means still needs to be determined. Future research utilizing various other
organic matter sources in toxicity experiments may show whether the results observed in
this research hold true for mercury toxicity in general or are only valid for organic matter
derived from specific sources. A better understanding of the overall complexation
between metals and ligands will also need to be addressed. The answers from this
research may hold the key to unlocking the mysteries of organic matter and its role in
metal toxicity in natural waters.
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APPENDIX A

Establishment of Mercury Advisories for Fish Consumption in South Carolina
Waters

Each year, the South Carolina Department of Health and Environmental Control
(SC DHEC) releases a list of fish advisories for all waterbodies lying adjacent to the
state. These advisories address the types of fish species that are included in the advisory,
accompanied by the number of meals (if any) that can be consumed. These advisories are
created in conjunction with other state agencies, working together to collect and analyze
various samples, as well as develop current advisories. For example, DHEC’s Bureau of
Water collects approximately 1,900 fish samples each year for mercury analysis. The
Office of Environmental Community Health analyzes and reviews the data and the
Bureau of Water updates the existing fish consumption advisories on an annual basis. In
order for an advisory to be implemented, the mercury concentrations in the fish species
analyzed must be greater than 1 ppm for two consecutive years, while the concentrations
must be below this threshold for the same amount of time before an advisory can be
canceled.
The state of South Carolina began issuing advisories for fish consumption in
1976. At this time, two areas were of primary concern- Lake Hartwell for
polychlorinated biphenyl (PCB) contamination and mercury in both Lake Jocassee and
Langley Pond. Although mercury advisories have been issued each year since 1976, the
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number of advisories has significantly increased since 1993, reaching an all time high in
2006, with 67 waterbodies being adversely impacted by mercury.
Included in the advisories are four types of saltwater fish species found in the
Atlantic Ocean off the coast of South Carolina, including King Mackerel, Shark,
Swordfish, and Tilefish. The highest mercury concentrations are found near the coast in
the Coastal Plains with lower concentrations (and therefore fewer mercury advisories)
being detected in the Upstate and Piedmont regions of the state.
The 2006 mercury advisory list for fish consumption in South Carolina is
included below. The state is divided into four sections, each section representing not
only similar geographic areas, but also number of advisories. For example, Section 1,
which includes the entire Upstate of South Carolina, has the fewest number of advisories.
This is due to the fact that the majority of the mercury contamination is concentrated
from the center of the state to the coastline. Each section will be briefly detailed before
the advisories for that section are listed. Only species included in the mercury advisory
will be included in the table. All other fish species are assumed to be safe for
consumption.
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Geographical Regions of South Carolina

South Carolina can be divided into three distinct geographical regions. The first,
known as the Upstate, includes a small portion of the Blue Ridge Mountain system in the
northwest corner of the state. The highest point in the state, Sassafras Mountain, is found
in this portion with an elevation of 3,560 feet. The second region is known as the
Piedmont Plateau, which comprises the center potion of the state, covering approximately
35%. The elevations in this region vary, ranging from 400 to 1,200 feet. Once the home
of numerous cotton plantations due to its fertile soils, this region is irrigated by numerous
rivers in its vicinity. Finally, the third region is known as the Coastal Plains. This region
begins east of Columbia and slopes to the Atlantic Ocean and other small islands
scattered along the coastline.
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Section 1 Advisories

Waterbody

Lake Conestee

Location

Entire lake
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Lake J. Strom Thurmond

Entire lake

Lake Tugaloo
Lake Yonah

Entire lake
Entire lake
From lake Greenwood Dam to
the Congaree River in Columbia
From Stevens Creek in
Edgefield County to S.C.
Highway 119 in Jasper County
Entire river

Saluda River
Savannah River
Wateree River

Species of Fish
Largemouth Bass
Redear Sunfish
Smallmouth Bass
Largemouth Bass
Largemouth Bass
Chain Pickerel
Largemouth Bass
Largemouth Bass
Bowfin (Mudfish)
Largemouth Bass
Spotted Sucker
Largemouth Bass
Bowfin (Mudfish)
Bowfin (Mudfish)

Advisory
DO NOT EAT ANY
1 meal/week
1 meal/week
1 meal/month
1 meal/week
1 meal/week
1 meal/week
1 meal/month
DO NOT EAT ANY
1 meal/week
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Section 2 Advisories

Waterbody

Atlantic Ocean

Location

Off the coast of South Carolina

213

Black Creek

Entire creek

Black Mingo Creek

Entire creek

Black River

Entire river

Clarks Creek

Williamsburg County
From NC/SC border to I-95 in
Dillon County

Great Pee Dee River
From I-95 to Winyah Bay

Species of Fish

Advisory

King Mackerel (33-39 in)
King Mackerel (> 39 in)
Swordfish
Shark
Tilefish
Largemouth Bass
Bowfin (Mudfish)
Largemouth Bass
Bowfin (Mudfish)
Black Crappie
Blue Catfish
Bluegill
Redbreast Sunfish
Redear Sunfish
Warmouth
Largemouth Bass
Bowfin (Mudfish)
All species of fish
Bowfin (Mudfish)
Largemouth Bass
Bowfin (Mudfish)
Largemouth Bass
Largemouth Bass

1 meal/week
DO NOT EAT ANY
1 meal/month
DO NOT EAT ANY
1 meal/week
1 meal/month
1 meal/month
DO NOT EAT ANY

1 meal/week

DO NOT EAT ANY
1 meal/month
1 meal/week
1 meal/month

Waterbody

Location

Lake H.B. Robinson

Entire lake

Lake Wallace

Diversion lake
Fishing lake

Little Pee Dee River

Louthers Lake
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Lumber River

From NC/SC Border to the
Great Pee Dee River

Entire lake

From NC/SC Border to the
Little Pee Dee River

Lynches River

From US Highway 15 to the
Great Pee Dee River

Pocotaligo River

Entire river

Russ Creek

Marion County

Sampit River

Georgetown County

Species of Fish
Chain Pickerel
Largemouth Bass
Bowfin (Mudfish)
Largemouth Bass
Bowfin (Mudfish)
Largemouth Bass
Bowfin (Mudfish)
Chain Pickerel
Flathead Catfish
Largemouth Bass
All other fish
Bowfin (Mudfish)
Largemouth Bass
Bluegill
Chain Pickerel
Redear Sunfish
Bowfin (Mudfish)
Largemouth Bass
Largemouth Bass
Channel Catfish
Bowfin (Mudfish)
Bowfin (Mudfish)
Largemouth Bass
All other fish species
Redear Sunfish
Largemouth Bass
Bowfin (Mudfish)
Bowfin (Mudfish)
Largemouth Bass

Advisory
1 meal/month
DO NOT EAT ANY
1 meal/month
DO NOT EAT ANY
1 meal/week
DO NOT EAT ANY
1 meal/week
1 meal/week
1 meal/week
DO NOT EAT ANY
1 meal/month
DO NOT EAT ANY
DO NOT EAT ANY
1 meal/week
1 meal/week
1 meal/month
1 meal/week

Waterbody

Waccamaw River

Location

Species of Fish

From the NC/SC Border
to Highway 17

Black Crappie
Blue Catfish
Bluegill
Channel Catfish
Redear Sunfish
Warmouth
Chain Pickerel
Bowfin (Mudfish)
Largemouth Bass

Advisory

1 meal/week

1 meal/month
DO NOT EAT ANY
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Section 3 Advisories
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Waterbody

Location

Species of Fish

Advisory

Ashley River

From State Road 165 to
Highway 526

Atlantic Ocean

Off the SC coast

Back River Reservoir
Cary’s Lake

Entire reservoir
Entire lake
From Columbia to the
Santee River

Largemouth Bass
Bowfin (Mudfish) (> 20 in)
King Mackerel (33-39 in)
King Mackerel (> 39 in)
Swordfish
Shark
Tilefish
Largemouth Bass
Largemouth Bass

1 meal/week
DO NOT EAT ANY
1 meal/week
DO NOT EAT ANY
1 meal/month
DO NOT EAT ANY
DO NOT EAT ANY
1 meal/week
1 meal/week

Bowfin (Mudfish)

1 meal/week

Congaree River

East Fork
Cooper River

Durham Creek

West Fork
The “T” to Brushy Creek
Entire creek

Bowfin (Mudfish)
Chain Pickerel
Largemouth Bass
Bowfin (Mudfish)
Bowfin (Mudfish)
Bowfin (Mudfish)

1 meal/week
I meal/week
1 meal/week
1 meal/week

Waterbody

Edisto River

Forest Lake

Four Hole Swamp

Location

Entire river to Willtown Bluff

Entire Lake

Entire Swamp
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Goose Creek Reservoir

Entire Reservoir

Lake Marion

Entire Lake

Diversion Canal
Rediversion Canal

Entire Canal
Entire Canal

Lake Moultrie

Entire Lake

Species of Fish
Black Crappie
Blue Catfish
Bluegill
Channel Catfish
Flathead Catfish
Redbreast Sunfish
Redear Sunfish
Bowfin (Mudfish)
Chain Pickerel
Largemouth Bass
Largemouth Bass
Bluegill
Redbreast Sunfish
Bowfin (Mudfish)
Chain Pickerel
Largemouth Bass
Bowfin (Mudfish)
Bowfin (Mudfish) (< 20 in)
Bowfin (Mudfish) (> 20 in)
Bowfin (Mudfish)
Bowfin (Mudfish)
Chain Pickerel
Bowfin (Mudfish)

Advisory

1 meal/week

DO NOT EAT ANY
1 meal/week
1 meal/week
DO NOT EAT ANY
1 meal/week
1 meal/week
DO NOT EAT ANY
1 meal/month
1 meal/week
1 meal/week
1 meal/month

Waterbody

North Fork Edisto
River

North Santee River

Location

Orangeburg County

From the Santee River to US
Highway 17
From Lake Marion to the
South Santee River

Sesquicentennial State
Park

Entire Lake

South Fork Edisto
River

From Aiken State Park to
Edisto River

South Santee River

From the Santee River to US
Highway 17
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Santee River

Species of Fish
Redbreast Sunfish
Redear Sunfish
Chain Pickerel
Largemouth Bass
Warmouth
Bowfin (Mudfish)
Bluegill Catfish
Flathead Catfish
Largemouth Bass
Bowfin (Mudfish)
Bowfin (Mudfish)
Largemouth Bass
Black Crappie
Chain Pickerel
Largemouth Bass
Chain Pickerel
Redbreast Sunfish
Redear Sunfish
Largemouth Bass
Bowfin (Mudfish)
Blue Catfish
Largemouth Bass
Bowfin (Mudfish)

Advisory
1 meal/week
1 meal/month
DO NOT EAT ANY
1 meal/week
1 meal/month
1 meal/week
1 meal/month

1 meal/week
1 meal/month
DO NOT EAT ANY
1 meal/week
DO NOT EAT ANY

Waterbody

Location

Species of Fish

Advisory

Wadboo Creek

Berkeley County to Highway
17

Bowfin (Mudfish)

1 meal/month

Wadmacon Creek

Georgetown County

Wambaw Creek
Wateree River
Windsor Lake

Charleston County
Entire River
Entire Lake

Bowfin (Mudfish)
Largemouth Bass
Bowfin (Mudfish)
Bowfin (Mudfish)
Largemouth Bass

1 meal/week
1 meal/week
1 meal/week
1 meal/week
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Section 4 Advisories

Waterbody

Location

Species of Fish

Ashepoo River

From Walterboro to US
Highway 17

Bowfin (Mudfish)
Largemouth Bass
King Mackerel (33-39 in)
King Mackerel (> 39 in)
Swordfish
Shark
Tilefish
Bowfin (Mudfish)
Largemouth Bass
Largemouth Bass
Redear Sunfish
Bowfin (Mudfish)
Chain Pickerel
Bowfin (Mudfish)
Chain Pickerel
Largemouth Bass
Warmouth
All other fish species
Largemouth Bass
Warmouth
Bowfin (Mudfish)
Largemouth Bass
All other fish species

Atlantic Ocean

Off the SC Coast
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Chessey Creek

Colleton County

Combahee River

Salkehatcie River to US
Highway 17

Coosawhatchie
River

Jasper County

Flat Rock Pond

Entire pond

Horseshoe Creek

Colleton County

Langley Pond

Entire pond

Advisory
1 meal/week
1 meal/week
DO NOT EAT ANY
1 meal/month
DO NOT EAT ANY
1 meal/week
1 meal/week
1 meal/month

DO NOT EAT ANY
1 meal/week
1 meal/week
DO NOT EAT ANY
DO NOT EAT ANY
1 meal/week

Waterbody

Location

Little Salkehatchie
River

Entire River

New River
Salkehatchie River

Savannah River

Jasper County to Cook Landing
From US Highway 301 to
Combahee River
From Stevens Creek in
Edgefield County to SC
Highway 119 in Jasper County

From SC Highway 119 in Jasper
County to US Highway 17
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Downstream of US Highway 17
Vaucluse Pond

Entire Pond

Species of Fish

Advisory

Redbreast Sunfish
Bowfin (Mudfish)
Largemouth Bass
Bowfin (Mudfish)
Bowfin (Mudfish)
Largemouth Bass
Largemouth Bass
Spotted Sucker
Bowfin (Mudfish)
Black Crappie
Bluegill
Channel Catfish
Redbreast Sunfish
Redear Sunfish
White Catfish
Largemouth Bass
Bowfin (Mudfish)
Channel Catfish
Largemouth Bass
White Catfish
Largemouth Bass

1 meal/week
DO NOT EAT ANY
DO NOT EAT ANY
1 meal/week
1 meal/week
DO NOT EAT ANY

1 meal/week

1 meal/month
DO NOT EAT ANY
1 meal/week
1 meal/week

APPENDIX B

2007 Mercury Advisory for Waterbodies in South Carolina

Following the analysis of all fish samples collected each year, South Carolina
DHEC publishes an updated state advisory for contaminants (see State Advisory map
below), designating each advisory in a specific color- water bodies with a mercury
advisory are highlighted in red, while lakes and rivers having no advisories are shown in
dark gray. Lake Hartwell and its surrounding tributaries are yellow, indicative of an
advisory for PCB contamination, which has been of concern since 1976. Areas shaded in
light pink are indicative of coastal mercury advisories, for King Mackerel and Swordfish.
Water bodies not sampled or from which an inadequate number of samples were taken to
determine an advisory are shown in a light gray color. As can be observed, the majority
of the mercury advisories reside from the piedmont in the center of the state to the coast.
Once the advisory information is condensed to create the state advisory map, this
map, in addition to other pertinent information including the fish consumption list and
other mercury facts, are combined into a booklet. Copies of this booklet are then
distributed to areas where they may educate, including health clinics, fish lodges, doctors
offices, and state parks. This information can be obtained by calling 1-888-849-7241 or
readily accessed on DHEC’s website: http://www.scdhec.gov/fish.
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South Carolina DHEC, Fish Consumption Advisories Map. Downloadable Documents.
http://www.scdhec.gov/environment/water/fish/docs.fishmap.pdf

